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Abstract
Abstract
The development of thermal barrier coatings for surface protection of components exposed to high temperature 
engine service has been a critical and significant requirement in the advancement of aerospace and land based 
turbine technology. The presence o f a protective ceramic barrier between the severe temperatures o f the engine 
exhaust gases and the super-alloy turbine blade material has resulted in an increase in engine operating 
temperatures and a subsequent increase in fuel efficiency.
The high velocity oxygen fuel (HVOF) process has been used for over 20 years to deposit hard wear and erosion 
resistant coatings with dense microstructure for surface protection o f components. Due to the fuel gas combustion 
limitations of HVOF the process has failed to deposit higher melting point ceramic coatings for thermal barrier 
protection.
This work covers the use of acetylene, a high flame temperature hydrocarbon, to generate sufficient thermal energy 
to soften yttria stabilised zirconia powder and produce dense HVOF coatings. Improvements in equipment design for 
an acetylene supply system to generate the pressure and flow necessary for HVOF were investigated and 
implemented. Optimisation of the HVOF process resulted in an acceptable deposition rate.
Three yttria stabilised zirconia powders with different morphologies were successfully deposited and the effect on 
coating characteristics examined. These HVOF coatings were found to be both hard and dense with improved high 
temperature erosion resistance and surface roughness, comparing favourably with the current state o f the art 
coatings produced by plasma spray and EB-PVD techniques. The success of these coatings has resulted in HVOF 
yttria stabilised zirconia coatings being introduced on the fins and fences o f the high pressure turbine blades in the 
Rolls Royce Trent 880 series engine.
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1.1 Aims and objectives
The author, with 15 years of experience in the thermal spray industry recognised the erosion limitations in APS and 
EB-PVD thermal barrier coatings and considered there to be an alternative for specific applications. The salient 
points are;
•  The HVOF process has been widely used to spray dense cermets and metallic coatings.
• Acetylene has the highest flame temperature characteristics of all common fiiel gases.
•  HVOF and acetylene in combination had not been used to spray ceramics.
A comprehensive literature review and industry discussions reinforced this position.
The overall scientific aim of this project was to deposit a yttria stabilised zirconia thermal barrier coating using the 
high velocity oxy-fuel process with acetylene. The purpose is to position a unique contribution to the advancement of 
knowledge and understanding in this area. The key objectives of the project were as follows:
• To design a high flow acetylene supply system in order to maximise the benefits of the HVOF process while 
maintaining the thermal combustion properties of acetylene.
• To evaluate 4 yttria stabilised zirconia powders with different powder morphology to produce a measurable 
coating thickness and commercially acceptable deposition efficiency.
•  To overcome the lower thermal efficiency of the HVOF process compared to the APS and EB-PVD processes.
• To investigate the relationship between the HVOF process parameters and the coating characteristics in order to 
contribute to the understanding of the energy transfer interactions between the flame and the powder particle.
• To optimise and test the HVOF process parameters to deposit denser, lower porosity, higher microhardness and 
improved erosion resistance coatings compared to APS and EB-PVD yttria stabilised zirconia coatings.
• To investigate the failure mechanism of the dense, low porosity yttria stabilised zirconia coatings at high 
temperatures.
1.2 Methodology
An experimental and positivistic research methodology has been employed as follows;
• Modification of an existing low flow acetylene supply system by removing flow restricting devices and replacing 
these with higher flow capabilities.
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• Utilising different areas of gas technology outside thermal spray processes to incorporate new flow enhancing 
devices in the acetylene gas delivery system.
• Conducting experimental tests under different conditions on 4 selected powder samples to identify;
-  Causal relationships between the powders’ morphology and coating characteristics.
-  Causal relationships between the HVOF process parameters and a selected number of coating 
characteristics based on the project objectives and the published literature on APS and EB-PVD processes.
•  Microstructural analysis of a selected number of results to determine failure mechanisms relating to empirical 
evidence.
1.3 Background to project
The application of thermal barrier coatings on component surfaces has the potential to provide thermal insulation 
and protection by reducing the heat transmitted to the underlying component avoiding high temperature damage. 
The resultant temperature gradient across the thermal barrier coating allows higher operating temperatures when 
using that component without distortion or degradation of its base metal. Thermally sprayed thermal barrier 
coatings were first used successfully in the high-pressure section of research gas turbine engines in the mid 1970s, 
and by the early 1980s they had entered regular service on the vane platforms in aircraft gas turbines. Today they are 
flying in service on vanes, blades, and combustion cans, and can be expected to be replied on more heavily in the 
future as greater fuel efficiency is required.
The earliest ceramic coatings for aerospace applications were fret enamel surface treatments developed by the 
National Advisory Committee for Aeronautics in the 1950s. Later in 1958, the first flame sprayed ceramic coatings 
included an alumina and zirconia calcia which showed considerable success. With the development of plasma 
spraying having evolved from the plasma transferred arc method, the use of plasma sprayed coatings used in hot 
section transition ducts in the 1970s was soon realised. Unfortunately, alumina and zirconia calcia did not prove to 
be a viable material for the higher temperatures necessary for advanced thermal barrier applications. At 
temperatures above 1100 K alumina undergoes a phase transformation that leads to shrinkage and cracking of the 
material that is detrimental to coating life.
The problem with zirconia calcia is its destabilisation from the cubic phase to the monoclinic phase. It is now known 
that zirconia based ceramics containing excessive amounts of monoclinic phases are unstable as structural materials. 
This is due to the volume change associated with the martensitic phase transformation on cooling from higher 
temperatures. The initial zirconia-yttria thermal barrier coating developed contained between 12-20 wt.% yttria, to 
stabilise fully the cubic structure. Later work (Stecura, 1978) showed that better stability and performance could be 
achieved by lowering the yttria level to between 6-8 wt.%. This was deemed superior to the 12-20 wt.% yttria 
stabilised zirconia levels. Zirconia yttria ultimately has become regarded as superior to the zirconia calcia coatings 
and is used in state of the art thermal barrier manufacturing today.
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1.4 Current status
Today there are two process techniques used to apply thermal barrier coatings, atmospheric plasma spray and 
physical vapour deposition. Atmospheric plasma sprayed (APS) coatings were first brought into service in the 
1970s, having been modified into a number of similar techniques to produce improved or more efficient thermal 
barrier coatings. These improved processes include low-pressure plasma spray (LPPS), vacuum plasma spray (VPS) 
and high pressure plasma spray (HPPS). Physical vapour deposition (PVD) was introduced in 1990 and is now 
accepted as the bench mark technique for the deposition of thermal barrier coatings within the industry.
The current state of the art thermal barrier coatings are produced by electron beam physical vapour deposition (EB- 
PVD) and are favoured for use in gas turbine engines as a result of their increased strain tolerance, improved erosion 
resistance and better surface finish (Ra 1.4-1.5 pm). Coatings on blade aerofoils in today’s aeroengines are normally 
deposited to a ceramic layer thickness of 125-200 pm and a reduction in component metal temperature of the order 
of 330-373 K can be achieved using current blade cooling design. This increase in component temperature 
capability is significant as it can be equated to around 20-30 years of super-alloy development.
EB-PVD thermal barrier coatings have been applied to turbine blades and nozzle guide vanes in production for the 
past 14 years, essentially to overcome hot spot problems and their use has resulted in excellent service reliability. 
With increased confidence in this technology, manufacturers of aeroengines are taking full advantage by 
incorporating thermal barrier coatings into new engine design to considerably increase their temperature capability. 
Thermal barrier coatings currently in use in gas turbine engines are the 8 wt.% yttria stabilised zironia (YSZ) 
ceramic. YSZs high melting point, low thermal conductivity and relatively high coefficient of thermal expansion 
compared to other ceramics make it ideal for use as thermal barrier coatings on the nickel based super-alloy 
materials used in turbine manufacture.
Atmospheric plasma spray (APS) and electron beam physical vapour deposition (EB-PVD) are both used to deposit 
ceramic thermal barrier layers, but the characteristics of the two processes are significantly different in terms of the 
coatings produced. APS deposits coatings in sequential layers to achieve the desired thickness but these coatings 
have lines of weakness that occur parallel to the surface. The EB-PVD coatings are different in that the thermal 
barrier layer is grown from a ceramic cloud and growth occurs as columnar grains developing upwards from the 
component surface. The individual bond of the columnar grains are strongly adhered to the base but weakly 
connected to each other allowing thermal stresses to be easily accommodated. Thermal barrier systems today also 
incorporate an intermediate metallic layer called a bond coat between the ceramic and the super-alloy. These nickel 
based bond coats can absorb expansion mismatch between the ceramic and the super-alloy. They also provide hot 
corrosive oxidation protection. A further requirement of the bond coat, especially for plasma sprayed coatings is to 
provide mechanical adherence or a keying surface for the upper ceramic layer. An alumina coating less than 1 pm 
thick, which is developed at the initial stages of EB-PVD, provides the chemical bonding between the ceramic layer 
and the underlying metallic component. Thermal barrier coatings of this type have proved to be reliable in service 
through many millions of flying hours on production engines.
Chapter 1 Introduction
1.5 Detailed research project objectives
It is the intention of this research project to investigate the use of an alternate and unique coating process to deposit 
the ceramic yttria stabilised zirconia layer for thermal barrier applications. This material is currently sprayed by 
atmospheric plasma spraying (APS) and electron beam physical vapour deposition (EB-PVD) in commercial and 
military applications. Both APS and EB-PVD processes are high temperature techniques, which are necessary to 
soften ceramic material such as yttria stabilised zironia which has a melting point of 2573 K. Both these processes 
are already used to deposit similar ceramic coatings but with slightly lower melting points such as chromium oxide 
and aluminium oxide. An alternative coating technique within the thermal spray family is the high velocity oxygen 
fuel (HVOF) process commonly used for many years to deposit wear and corrosion resistant coatings for surface 
protection of components that undergo surface attack in environments such as sea water pump valves. HVOF has 
also enhanced the properties of components such as ball valves, print rollers, piston rings and many surfaces which 
are exposed to wear and corrosion environments. The main benefit of this process over the high temperature APS 
and EB-PVD techniques is the generated high velocity and subsequent kinetic energy levels the powder particles 
achieve on impact with the component surface. It is this high level of kinetic energy translating into deformation 
that results in a dense, low porosity coating superior in many cases to APS and EB-PVD coatings. In order to 
generate the high kinetic energies imparted into the deposit material, the process combusts high pressure, high 
volume oxygen and a fuel gas generating the resultant combustion exhaust gases of carbon dioxide and water. Many 
of the common fuel gases used for HVOF, such as hydrogen, propane and propylene have combustion properties, 
such as maximum flame temperature and thermal energy, insufficient to soften and deposit the yttria stabilised 
zirconia material. The fuel gas the author considered able to generate enough thermal energy for the higher melting 
point ceramics was acetylene, which has the highest maximum flame at 2653 K.
A major part of the research project was the design and development of a gas delivery system for acetylene which 
was difficult because it essentially had to overcome the pressure restrictions of this highly explosive hydrocarbon. 
Compared to the other fuel gases stored as either a compressed gas (hydrogen) or as a liquid hydrocarbon (propylene 
and propane), acetylene has to be stored as a gas dissolved in liquid acetone due to its highly explosive nature at 
high pressures. In designing such a delivery system, it was necessary to maintain pressures and flowrates similar to 
those achievable with the existing fuel gases used for HVOF. In generating the parameters necessary to produce the 
high kinetic energy associated with HVOF it was then necessary to evaluate the different morphologies of YSZ 
powders currently available for thermal barrier production previously optimised for APS and EB-PVD systems.
In addition to successfully depositing the ceramic powder as coatings of the required thickness with the HVOF 
process, it was important to ensure that these coatings also achieved the desired microstructure with properties such 
as thermal conductivity and thermal cycling requirements, i.e. strain tolerance, met by the sprayed APS and EB- 
PVD coatings. It was, however, an important objective of this research project to progress and improve further the 
coating properties such as erosion resistance and microhardness, which are currently limited by existing techniques. 
By optimising the process parameters such as gas flow rate, stand-off distance, and oxygen to fuel ratio, it was
Chapter 1 Introduction
possible for the project to investigate the influence of.these important process parameters on the coating 
characteristics of the thermal barrier system. In understanding these relationships the objective was to tailor the 
coatings for improved thermal barrier protection compared to existing manufacturing techniques.
1.6 Technical and scientific benefits
The high velocity oxygen fuel process is a technique that combines the transfer of thermal energy and kinetic energy 
to a material in flight to produce denser coatings compared to APS and EB-PVD techniques. The thermal 
temperature of APS and EB-PVD are nearly an order of magnitude greater than that HVOF. This is due to the fact 
that APS and EB-PVD both depend on the energy of electrical discharge through, gas in the case of APS, and high 
energy electron beam impacting on a material in the case of EB-PVD. Plasma spraying energy relies on the current 
generated across the electrodes to convert an inert gas such as argon into the high temperature plasma. This plasma 
with a temperature of around 10,000 K is in comparison to the 3000-4000 K in HVOF spraying. In many cases 
using APS, however, the thermal energy required to soften the coating material may be excessive and unnecessary 
and possibly detrimental to the coating properties, such as high temperature oxidation. The greater energy released 
in EB-PVD also requires the use of an inert gas low pressure chamber to suppress oxidation o f some of the sprayed 
materials. In addition, the process limitations of the APS and EB-PVD systems mean that an increase in kinetic 
energy is not possible with existing commercially available equipment. Use of the HVOF system therefore, if  
sufficient thermal energy can be imparted into the powder material, has the capability to generate ceramic coatings 
significantly different to other techniques. These differences include changes in coating density, as the impacting 
powder particles undergo deformation on the substrate surface, and the lowering of porosity and/or changes to the 
shape, size and distribution of the porosity potentially influencing the thermal conductivity o f the ceramic coating. It 
is also expected that change in the cohesive bond strength between impacted particles will influence the tensile bond 
strength to the substrate, the cohesive bond strength of the coating and ultimately, the erosion resistance of the 
coatings in extreme environments.
A further technical benefit to be gained from spraying yttria stabilised zirconia with a process utilising high kinetic 
energy capabilities is the surface finish of the coating will be improved over APS produced coatings. Most thermally 
sprayed coatings are used in service in the “as sprayed” condition with no post spray treatment such as polishing or 
machining. It is important to be able to achieve the most optimised surface finish necessary for thermal barrier 
applications. As the cooling efficiency of these coatings is an essential property, a smoother lower average surface 
roughness is desirable for the removal of heat from the turbine blade by the cooling air. The coefficient o f friction of 
a turbine blades surface is directly related to its roughness which in turn influences the heat transfer coefficient and 
heat flux into the coating. The system’s effectiveness in lowering the interface temperature is reduced when rougher 
surface coatings are applied. It is expected that the deformation of powder particles on impact from the HVOF 
process should be greater than the APS process and possibly approach the surface roughness values o f that of an EB- 
PVD coating surface finish.
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An area that is harder to predict but that is never the less vitally important to the properties of the thermal barrier 
system is it’s thermal cycle properties and strain tolerance to low temperature and to high temperature changes. The 
cooling and subsequent solidification rates of the softened ceramic powder as it passes through differing 
temperatures in the HVOF flames compared to the APS and EB-PVD processes will influence the thermal stress 
built into the 200 pm layer.
The flame characteristic of the HVOF process also lends itself to a more consistent reproducible coating. The 
temperature profile across the flame, which will contain diverging powder particles travelling through different 
temperatures, is less extreme than the plasma process, which experiences an enormous drop in plasma temperature 
from the centre after only a short distance out to the plasma edge.
Practical considerations when spraying complex shaped components must be taken into account when comparing 
the relatively short stand-off distance used by plasma spraying in the order of 50-75 mm as compared to the 100- 
150 mm used in HVOF. This increased distance will allow coatings to be deposited in a more confined area at less 
steep angles to the perpendicular.
The complexity of EB-PVD equipment in chamber size and coating rate limits the use of this process when large 
numbers of components are required quickly. In the case of land based gas turbine blades the size can be an order of 
magnitude greater than for the aeroengine component or turbine blade. This can limit the number of components 
being coated at one time. At present, modem EB-PVD coaters can produce a 250 pm coating in around an hour. 
With HVOF and atmospheric plasma spraying using automated and batch spraying, a similar number of coatings 
can be produced in a shorter period of time. It was expected that a typical spray period in production would be circa 
10-15 minutes.
1.7 Rolls Royce objectives
It is important to also state the aims and objectives of the work from an end user perspective. Thermal barrier 
coatings operating within aeroengine environments have a limited life as they can deteriorate through engine debris 
that erodes the ceramic coating. Both the APS and EB-PVD processes produce thermal barrier coatings with 
excellent high temperature protection but limited protection against engine erosion. Conventional thermal spray 
erosion and wear resistant coatings such as tungsten carbide-cobalt and chromium carbide-cobalt are produced by 
the lower temperature HVOF process. This is due to the relatively low melting point of the tungsten and chromium 
matrix that bind the harder phase carbides together. The ability to spray the higher melting point ceramics with the 
same erosion resistant characteristics has always been outside the operating temperatures of HVOF using 
conventional gases. By using the experience and knowledge of fuel gases within BOC Limited and an extensive 
knowledge of thermal spray systems, however, the author thought it possible to generate sufficiently high 
temperatures from acetylene fuel gas and oxygen to soften yttria stabilised zirconia to adhere to a metallic surface to 
form a coating. In utilising the improved erosion resistance benefits of HVOF produced ceramics, such as YSZ, they
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could be used more extensively in aeroengine design. This potential benefit was quickly recognised by Rolls Royce 
Aerospace as a potential application in their Trent 800 series engine. At the beginning of the project the concept was 
put forward for patent approval in United Kingdom and United States by BOC Gases Ltd. Under a confidentiality 
agreement the project concept was discussed with Rolls Royce Aeroengine Coatings division in Filton for guidance 
and ultimate engine test approval. They identified an existing application that was using aluminium oxide to coat 
the high pressure turbine fins and fences within an engine. This could be replaced and improved by the use of yttria 
stabilised zirconia sprayed using acetylene through the high velocity oxygen fuel process. At that point in time the 
aluminium oxide coatings had been through the engine approval stage and were in pre-production. By replacing the 
aluminium oxide coating with the yttria stabilised zirconia coating the thermal protection and the erosion resistance 
of the latter would greatly benefit this section of the engine’s performance. In 1998, European patent application EP 
0825 273 A1 as detailed in full in Appendix E, was approved for the method of coating substrates with high 
temperature ceramics using an oxygen fuel gun. One further aspect of the work of interest to Rolls Royce was the 
investigation into the use of controlled carbon dioxide cooling. This, to introduce coating microstructural cracking 
that could improve the thermal cycling properties of thicker HVOF ceramic coatings for wider thermal barrier 
protection within the engine.
1.8 Commercial incentives
The high-pressure turbine section of the aeroengine operates in a very aggressive environment. Following 
combustion, highly oxidising gases enter the turbine at temperatures above 1473 K well exceeding the melting point 
of the current series of super-alloys. In the new generation of civil aircraft, turbine entry temperature (TET) on take­
off will exceed 1800 K. The main reason the turbine is able to operate under these conditions is the massive amount 
of cooling air blown through the blades and the use of thermal barrier coatings.
The continued demand by airlines for increased power and improved fuel consumption in modem aeroengines has 
resulted in a progressive drive to increase TET over the last 20-30 years. This trend is expected to continue as 
demand increases for greater engine performance. The increases in TET have been made possible in the past by the 
development of nickel-based super-alloys and greater air cooling technology which has now reached its limitations. 
Insulating the metal surface from hot combustion gas now becomes the primary solution to achieve further increases 
in TET.
A deposit of 125-200 pm thermal barrier coating by the EB-PVD process produces a reduction in component metal 
temperature between 323-373 K. An increase in TET of just 323 K can produce an estimated increase in fuel 
efficiency of 4%, which can translate into to significant savings in the fuel cost for airlines. Higher running 
temperature engines that result in a more efficient fuel consumption also reduce engine emissions. Legislation will 
ultimately drive down the allowable emission levels of carbon dioxide, NOx and un-bumt hydrocarbons forcing 
airlines and engine manufacturers to clean up existing and new engine systems. One of the most effective methods
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of running a more fuel efficient engine is to increase the achievable TET, this single-handedly drives the search for 
high temperature solutions.
An obvious commercial advantage in using thermal spray processes such as HVOF and to a lesser extent APS, over 
the EB-PVD process is the capital and operating costs. State of the art EB-PVD equipment recently installed in a 
UK company designed exclusively for turbine blade repair and production for a major aeroengine supplier was 
valued at £15 million with estimated running costs of £400-£500 an hour. This compares with HVOF running costs 
of gases and material at less than £100 an hour with a significant reduction in capital cost. A typical HVOF 
production cell for producing comparable volumes of thermal sprayed turbine blades costs in the region of £100- 
£200 K.
A final consideration for the use of thermal barrier coatings is the replacement cost of the turbine blades. An 
estimated cost of around £2,000 each with over 100 blades per stage, 3 stages per engine, 4 engines per plane, 
amounts to around £2.5 million worth of blades per aircraft that could potentially undergo damaged through high 
temperature oxidation and corrosion if  not for the protection of thermal barrier coatings. Extending the life of these 
turbine blades is certainly a strong incentive in the development of improved, more reliable coating systems and 
thermal barrier coatings.
1.9 Future thermal barrier coating requirements
The bond coat/ceramic top coat layer systems are the first generation thermal barrier coatings, so improved systems 
need to be developed to meet the higher turbine engine temperatures while increasing lifetime requirements in the 
new gas turbine engines. EB-PVD with reduced thermal conductivity and a higher operating temperature improved 
high temperature capability but a greater resistance to ceramic spallation will be needed to meet increased lifetime 
requirements. In the case of atmospheric plasma spray coatings, it will be necessary to develop coatings with 
improved erosion resistance due to the increased exposure to engine debris in the high pressure turbine section of the 
aeroengine.
High Velocity Plasma Spraying (HVPS) is still limited in its commercial development with only a small number of 
production systems in operation world-wide. The principle of the system is that the benefits of high temperature 
plasma necessary to soften ceramics combines with the extra energy available as kinetic energy by using higher 
pressure and high volume plasma gases. At present however, these systems concentrate on the lower melting point 
materials but deposit greater volumes of materials than currently achieved with APS, EB-PVD and HVOF processes. 
They deliver benefits of improved deposition efficiency and higher powder feed rates. In the thermal spray industry 
powder can be an expensive consumable and the rate at which the coating can be deposited and the efficiency of the 
process is a strong influence on labour and running costs. At present, the benefits of HVPS are not significant 
enough to be of great consideration to the aerospace industry in the thermal barrier coating production. It is expected 
however, that these types of systems once optimised to produce denser ceramic coatings with improved high
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temperature erosion properties significantly superior to APS, EB-PVD and HVOF, will be utilised by the aerospace 
industry.
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Chapter 2 Literature review
This chapter covers the review of technologies relevant to thermal spray processes and industrial applications. It 
examines selected areas of previous research and publications on the high velocity oxygen fuel (HVOF) process and 
in particular its use with ceramics. The chapter has been divided up into different sections. In the first section, an 
overview of the thermal spray process is provided and the divisions of thermal spraying technologies are introduced. 
The second section covers the development of plasma spray, electron beam physical vapour deposition and HVOF 
systems as they evolve and increase the range of material each can deposit. The third and fourth sections look at the 
progress of these coating techniques as they establish the role of thermal barrier coatings in both the aerospace and 
land based gas turbine industrial sectors. It has been the investment of these industries in particular aeroengine 
developments, driven by the economic incentives to operate engines at higher temperatures with greater fuel 
efficiencies that has championed the refinement of thermal barrier coatings. The final section of the chapter looks at 
the investigation and work in characterising and evaluating current yttria stabilised zirconia coatings, essential for 
the successful in-service life of dense, erosion resistant HVOF TBCs.
2.1 Introduction to thermal spray processing
The family of thermal spray techniques covers a number of processes from robust arc spraying to a new concept of 
cold gas dynamic spraying (CGDS). Arc spray is where the coating material is a wire and an electrical current is 
passed between two wires to melt the material to produce a relatively porous, oxidised coating. Compressed air is 
generally used to propel the molten material onto surfaces. Cold gas dynamic spraying on the other hand, is where 
powder material is propelled by a gas at low temperatures but at much higher velocities onto the surface of a 
component to produce a dense coating with limited thermal histoiy. Both these processes are used to spray metals 
but use widely different methods. One process uses thermal energy and the other relies on total kinetic energy to 
deform the coating material. Other processes positioned between these two techniques include flame spraying, 
plasma spraying and high velocity oxygen fuel spraying, all producing coating with either thermal or kinetic energy 
or a combination of the two. Due to the increasing requirements of construction materials and the rising cost of 
materials with special properties such as high resistance to corrosion or wear, coating technologies, such as thermal 
spraying, have gained increasing importance. A coated substrate or component can be considered as a composite 
material in that the different parts (deposit and substrate) can fulfil special requirements. In the field of welding and 
surface engineering high-grade materials, which protect against corrosion, oxidation, wear or high temperatures are 
applied for the protection of component surfaces. The structural part of the component is manufactured from less 
costly material. Such composites are increasingly produced by thermal spraying.
2.1.1 The principles of thermal spraying
A material in powder, wire or rod shape is heated up, melted or softened and accelerated towards a cleaned and grit- 
blasted substrate where it impacts and interlocks with the substrate. Due to the relative movement between the spray 
gun and the substrate an even coating deposit is formed (Haves, 1996). Thermally sprayed coatings differ from
to
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layers produced by other technologies in microstructure, bonding mechanism and machinability. The deposited 
coating can consist of different components such as oxides, pores and un-melted particles all of a homogeneous 
structure depending on the process and the processing parameters. The bonding of the coating is realised by 
mechanical interlocking processes depending on the substrate temperature and its surface energy. The type of 
spraying process, the process parameters and the environment (low pressure, high pressure etc.) affect the substrate 
temperature. Furthermore, the substrate temperature can be influenced by applying a pre-heat treatment or forced 
cooling. During conventional atmospheric spray procedures, the substrate remains cool (T < 675 K) suffering little 
heat distortion. Furthermore, in most cases thermally sprayed coatings can be machined (grinding and/or cutting) to 
give the desired dimension and surface finish (Brown, 1992).
Typical applications of thermal spraying technology are: (McGeary ahd Koffsky, 1985)
■ Corrosion protection
■ Wear resistance
■ Electrical insulation
■ Thermal insulation
■ High and low friction coefficient
■ Decoration
The family of thermal spray techniques covers a number of processes from robust arc wire spraying to the new 
concept of cold gas dynamic spraying (CGDS). However each technique requires the combination of thermal energy, 
to soften the coating material in-flight, and the transfer of kinetic energy on impact with the substrate. The balance 
between these energy levels will change from one thermal spray process to another, and will have an effect on the 
coating properties and the coating efficiencies of each process. For example, one process can deposit a thick coating 
at a high deposit rate, but with relatively porous coatings, while another process can deposit a thin but dense coating 
at a relatively slow deposit rate.
2.1.2 Wire-Arc spraying
Wire-arc spraying, although not a direct powder-processing method is a droplet-consolidation technique that uses 
two conductive, consumable wires between which a continuous d.c. arc melts the advancing wire tips. A high flow  
rate gas generally air atomises the tips of the melting wires and accelerates the resulting small droplets toward the 
substrate being coated. A wire-arc spray gun consists of a nozzle that directs a high-velocity gas jet at the wire tips 
and a wire-feed mechanism that positions and advances the wires, as Figure 2.1 illustrates. Melt rate and electrode 
voltage control the arc gap and the size distribution of the droplets leaving the tips of the wires, thus affecting the 
final coating structure. This technique is generally used as a low cost, high productivity coating process and is used 
extensively in off-shore and construction industries for large surface protection against environmental corrosion and 
oxidation. The energy balance of the process is towards the thermal input from the arc voltage energy across the 
wires with only a limited kinetic energy transfer from the compressed air used to propel the droplets.
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2.1.3 Inert gas arc wire spraying
Arc spraying within an inert gas chamber at atmospheric pressure enables reactive materials to be processed. The 
unavoidable uptake of gas leads to undesired porosity and oxide formation, which affects the corrosion resistance as 
well as the mechanical properties. Simultaneous shot peening offers further improvement of the corrosion behaviour 
by applying compression stress on the coating, but this can increase process cost and add time to a relatively cost 
sensitive technique.
Unlike the other thermal spray processes, wire-hrc spraying uses cool gas jets to break up the molten tips of the arc- 
melted wires. The components being coated therefore are not heated significantly by the process which is an 
advantage for thermally sensitive base materials. It has been shown (Grant, 1989) that thin sheets of paper may be 
coated by the wire-arc process. Although wire-arc spraying is limited to processing conductive materials, it alone 
has the lowest deposit temperature. Particle velocity varies, but is normally higher than flame spray and lower than 
high velocity oxygen fuel or plasma spray. In other cases, accelerator gas nozzle extensions adapted to conventional 
wire-arc spray systems may be used to increase particle velocities, leading to increased deposit densities and 
reducing the differences between deposit structures and properties compared to other processes (Browning, 1999).
2.1.4 Combustion spraying
Combustion spraying is the thermal spray class that mixes combustible fuels with an oxidizing agent to subsequently 
heat and accelerate particles injected into the hot, expanding gas jet. Combustion spraying has recently been 
subdivided into two commercially significant technologies. Those that use externally combusting jets, burning 
unrestricted and at low pressures in ambient air, are known as flame spray. Those processes that utilise internal 
combustion at higher gas flow rates and pressures such that the jet-exit velocities are supersonic, are known as high 
velocity oxygen fuel (HVOF) spraying.
2.1.5 Flame spraying
In flame spraying the surface material (powder, wire, rod, and flexible cord) is introduced into the centre of an oxy- 
fliel gas flame where the coating material is continuously fused and propelled by an atomising gias, e.g. compressed 
air, to the prepared work piece surface. The fuel gases are typically acetylene, propane or hydrogen (Lin and Han, 
1998). Typical applications of flame spraying are the coating of steel constructions with zinc and aluminium to 
provide corrosion protection. Furthermore, flame spraying is applied in the mass-production of wear-resistant 
molybdenum coatings in the automotive industry, e.g. synchronous rings for gearboxes.
2.1.6 Flame shock spraying
In flame shock spraying (better known as detonation spraying or D-Gun ™ spraying), a spray technique developed 
in the USA in the 1950’s (Jia et al., 1999), controlled detonations are triggered in a combustion chamber containing 
the spray material in powder form. The detonation gun consists of an exit barrel of approximately 1.2 m in length. It
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ends in the combustion chamber. The introduced gas/powder mixture is ignited by a spark. Due to the detonations 
the powder is fused and accelerated to high velocities within an exit barrel as shown in Figure 2.2. After each 
detonation, the combustion chamber and tube are washed out with nitrogen. Flame shock-sprayed coatings exhibit 
excellent bond strength and high density. This process is generally employed for cermet materials such as WC-Co 
and NiCr-Cr3C2 (Lopez et al., 1998).
2.1.7 Plasma spraying
Plasma spraying is an extension of the inert gas arc wire spray process with the only difference being that a current 
is passed between two non-consumable electrodes namely the anode and the cathode. Powder is injected into the 
plasma region which has been created from an inert gas between the electrodes. A similar inert gas is used to deliver 
the powder. In the case of inert wire spraying, the wires act as the consumable electrodes and an inert gas is only 
required to deposit the molten material.
Plasma spraying is divided into three major categories: air plasma spray, low-pressure plasma or vacuum plasma 
spray, and controlled-atmosphere plasma spray. These distinctions mainly determine the level o f materials 
interacting during entrainment, and control the structure and properties of the materials being deposited (Celik et 
al., 1997). A plasma-spray device consists of a cylindrical thoriated-tungsten cathode, which emits electrons when 
heated by an electric arc aligned concentrically with, and contained inside, a water-cooled cooper nozzle or anode, 
as Figure 2.3 illustrates. Electrons emitted from the cathode flow from the cathode to the nozzle anode under the 
influence of an applied electric field. Gases injected into the inter-electrode region are heated to the plasma state by 
the electric arc and expanded through the nozzle to form a subsonic or supersonic jet. The gas velocity may exceed 
1.5 km/s' 1 (Thorpe, 1993) in some cases, depending on the operating power, nozzle design, gas composition, and 
gas flow rate. Powders are injected into the plasma jet either externally or internally through the nozzle.
2.1.8 Air plasma spraying (APS)
In air plasma spraying, a pilot arc is generated by means of high frequency ignition or high voltage between the 
anodic, water-cooled nozzle, generally made of copper, and a thoriated tungsten cathode. The plasma gases (often 
mixtures of Ar, He, N2, H2), are passed through the pilot arc where they are dissociated and ionised.
The advantage of plasma spaying is the high gas temperature, which is between 6000 K, and approximately 
15,000K (Vural et a l, 1997). In contrast to other thermal spray techniques, plasma spraying achieves high 
deposition rates even with high melting point materials. In addition to metallic materials, ceramics and cermets, 
some plastics can also be sprayed. A requirement for the surfacing of materials for plasma spraying is the existence 
of a liquid state. Materials subjected to thermal decomposition or sublimation (as for example SiC, Si3N4) cannot be 
manufactured by conventional spray techniques.
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The range of commercially available plasma torches includes small guns of less than 10 kW in power, up to water- 
stabilised plasma torches exceeding 2 0 0  kW in power and computer controlled plasma-spraying plants and 
manipulators for the automatic and reproducible coatings of mass products and components of complex geometry. 
At present, high-velocity, high pressure torches with individually formed nozzles are being developed (Smith and 
Novak, 1991). A further improvement o f coating properties, in particular the reduction o f coating porosity and 
increased density, is being attempted by the use of new methods of the post-treatment of thermally sprayed coatings. 
Such methods include the laser and electron-beam treatment of plasma sprayed coatings, ultrasonic compression, 
hot isostatic pressing and shot-peening or hammering (Jungklaus, 1989). These methods, however, can be difficult 
to post treat complex shape parts such as turbine blades.
2.1.9 Vacuum plasma spraying (VPS)
In vacuum plasma spraying the process takes place in a closed chamber containing a controlled atmosphere at 
reduced pressure. The torch and the work piece are positioned by handling systems. The main industrial application 
of vacuum plasma spraying is the coating of super-alloy turbine blades with MCrAlY alloys (“M” here represents 
the elements Ni, Co, Fe and their mixtures). Such coatings have the function to protect the substrate material from 
oxidation and hot-gas corrosion increasing the component service lifetime. The MCrAlY coatings are characterised 
by a dense, nearly oxide-free, and homogeneous structure. Furthermore, such coatings often serve as bond coatings 
for ceramic thermal barrier coatings (Khor and Gu, 2000).
Recently, there have been increased efforts to extend the range of applications of this spray process. Apart from the 
spraying of combustion-sensitive materials (e.g. nitrides and carbides), the spraying o f reactive materials (e.g. 
titanium and tantalum) is included. The spraying of corrosion-resistant coatings composed of such reactive materials 
is not possible at atmospheric conditions because o f their high reactivity and high gas absorption. Therefore, 
titanium coatings for medical applications are suitably produced by VPS. A porous structure of the coating is often 
required on an implant to allow the bone cells to grow into the controlled porosity.
An example for a further extensive application field of vacuum plasma spraying is the production o f freestanding 
bodies and metal matrix composite of TiSiC. VPS is suitable for the direct production of fibre-reinforced materials. 
An endless fibre is wound around a substrate (cylinder or plate) with controlled space between each winding. The 
whole unit is coated by thermal spraying. The substrate serves as a holder and is discarded at the end of the 
procedure. More complex reinforced components could for example be manufactured by binding several monotypes 
by means of hot isostatic pressing or brazing or even by winding after the coating process again (Li et a l, 1997).
2.1.10 Controlled atmosphere plasma spraying (CAPS)
The aim of controlled atmosphere plasma spraying is the use of the increased energy density due to elevated pressure 
in the range up to 280 kPa. Conversely, this high-pressure value causes the main problem, which is the cooling of 
the equipment due to the high energy density. High-pressure plasma spraying in controlled inert gas or reactive
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atmosphere is a new process which is designed to offer advantages in the production of coatings consisting of special 
metals with reactive components as well as hard materials. A higher environmental pressure during spraying 
increases the heat transfer to the spray particles. In this way the spray efficiency and the reduction of porosity should 
be enhanced. Also, due to the high process pressure suitable conditions for chemical reactions are present. Finally, 
effective substrate cooling becomes possible. Compared to the VPS-process, the amount of cooling gas is no longer 
limited by the pumping capacity.
2.1.11 High velocity oxygen fuel spraying (HVOF)
One of the more recent developments in powder flame spraying is the development of high velocity oxygen fuel 
spraying. A typical system is shown in Figure 2.4. High velocity oxygen-fuel sprayed coatings yield good results in 
terms of density (-99%) and coating adhesion. Furthermore, the process offers the option of producing metallic, 
cermets and ceramic coatings (Schorr et a l,  1999) using the same hardware. In the HVOF-gun, a gas mixture is 
formed and combusted. This mixture consists of oxygen and a fuel gas, which can be propane, propylene, acetylene 
or hydrogen, mainly depending on the type of coating required. The advantage of the high velocity oxygen fuel spray 
process over other thermal spray processes is characterised by the relatively high particle velocities and low thermal 
energy levels, especially when compared to plasma spraying. It is particularly suitable for spraying cobalt coating 
containing tungsten carbide or nickel chromium containing chromium carbide (Verdon, 1998). The carbides, 
however, are less affected by the heat of the flame than in plasma spraying and therefore keep their properties. 
Particle velocities of 400 m/s have been measured for tungsten carbide-cobalt powder in comparison to 100-150 m/s 
for plasma spraying (Steffens, 1994). During the last few years there has been a tremendous increase in the use of 
high velocity oxygen fuel spraying and many different commercial systems are now available. A further recent 
development has been the introduction of a liquid fuel gun, which uses kerosene e.g. the JP 5000 or Met-Jet systems. 
In these types of systems the liquid hydrocarbon replaces the gaseous fuel such as propylene or hydrogen. By 
increasing the molar mass of fuel, a greater mass of oxygen is required to balance the combustion properties of the 
flame. In-order to increase the volume of oxygen, higher pressure is required to deliver the increased oxygen mass of 
gas. This has lead to the development of high pressure HVOF systems with an operation pressure much greater than 
the standard conventional gas HVOF systems.
2.1.12 Electron beam physical vapour deposition process (EB-PVD)
The electron beam - physical vapour deposition (EB-PVD) process is seldom classed as one of the family of thermal 
spray techniques. It plays, however, a significant role in the manufacture of coatings used in conjunction with many 
thermal spray coatings. In particular, the development of thermal barrier systems using yttria stabilised zirconia and 
MCrAlY bonds. EB-PVD is a multistage coating technique requiring precise process controls on all process steps. 
The required coating material is heated to vaporisation temperatures through a kinetic energy exchange between an 
electron beam and the target material. The process uniquely generates large amounts of energy, of the order of 38 
kW in a small area or a larger area if  the beam is swiped across the surface.
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The coating material evaporates atomically or molecularly and condenses onto the required part. These condensed 
atoms can move on the surface for short distances and then form nuclei and begin grain growth (Rigney et a l, 
1997). Columnar growth is the norm, however, grain orientation may be affected by processing temperature and 
surface morphology. The EB-PVD process allows variation in coating structure and composition of the condensed 
material, such as the so-called functionally graded coating. The deposition rate is around 150 pm/minute with 
controlled composition and uniform microstructure, low contamination, good surface finish coating and high 
thermal efficiency. EB-PVD processing, however, can produce varied microstructure and composition by altering 
the process parameters and ingot position.
2.1.13 Process comparison in terms of thermal energy characteristics
Depending on the process techniques and the individual processing parameters, deposit structures and coating 
properties can vary widely. The different processes result in different thermal and velocity histories for the impacted 
particles. Particle melting and deformation are different in each thermal spray technique, leading to the differences 
in the performance of spray-deposited materials. Flame spray has the lowest heating potential and lowest mean- 
particle velocity of all the thermal spray processes, but has applications in many areas where cost is a major 
consideration. HVOF processes typically have the highest particle velocities especially with processes using the 
high-pressure kerosene guns. To date, however, its gas temperature limits the particle softening necessary for the 
higher melting point materials. Wire-arc spraying has lower intermediate particle velocities, but due to its low gas 
temperatures, may be used for thermally sensitive-substrate materials. Finally, plasma spraying, with its high 
processing temperatures, is most flexible with respect to the range of materials that can be coated. The thermal 
spraying of ceramics has been the exclusive domain of plasma spraying. However, with the development of high 
temperature gas delivery systems, such as acetylene, these domains are being broken down.
Development of a high temperature acetylene gas delivery system is a key objective of the research project, the focus 
being on how the lower thermal energy efficiencies of HVOF can be overcome through a greater understanding of 
the energy transfer interaction between the flame and the powder particles.
2.2 Development of plasma spray processing
The torch first designed for plasma spraying materials was based on the Gerdien type plasma generator (Gerdian 
and Lotz, 1922) and patented by Gage in 1962. The plasma generator consists of a circular anode principally made 
of copper and a cathode of thoriated tungsten. The generator supports an electrical discharge between the electrodes 
surrounded by inert gases. Ionisation of the gases results in a plasma of positive ions and electrons. Plasma is 
sometimes described as the fourth state of matter. Plasma temperatures are quoted by many papers to be in excess of
11,000 K depending on the electric current, the ionising gas used and the electrode configuration. Early designs of 
plasma guns were air cooled but limited by the low degree of cooling achievable with air. This limitation lead to the 
development of a water-cooled plasma system. The water passage and the gas plasma passage initially were kept
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separate by metal to metal fittings. As the degree of water cooling became greater, higher flow rates of water and 
pressure were necessary. Leaks between these relatively weak bonds would cause either breakdown of the plasma or 
contamination of the coatings. It was therefore necessary to develop O ring fittings between important and critical 
joints. The coating powder is carried from a powder container or hopper to the plasma gun by gravity, vibration or 
gas pressure, or a combination of any of these. The powder when delivered by gas pressure is suspended in an inert 
carrier gas such as nitrogen or argon. It is driven by the flow of the gas through a delivery hose to the gun where it is 
softened and accelerated onto the substrate.
Early work with plasma spray systems operated with argon as the ionised gas. Depending on the material to be 
sprayed the plasma gases used today can vary. Typically, pure argon or a mixture of argon plus hydrogen or argon 
plus helium is used to spray some of the higher melting point ceramics. These gases are used because hydrogen and 
helium can increase the ionisation energy of the plasma to assist in softening the powder. Some systems can operate 
with nitrogen replacing argon, but these can experience deterioration of the electrode life leading to increase 
operating costs and reduced coating consistency. The replacement of the consumables, such as electrodes, is an 
important consideration when choosing a thermal spray process for the application of coatings. The influence of the 
plasma gas parameters, however, either as supply pressure or flow rate cannot be over emphasised. The choice of 
plasma gas is primarily dictated by its ability to melt the spray material, but it also has an effect on the powder 
particle velocity. Molecular gases such as hydrogen have higher thermal properties due to their thermal conductivity 
characteristics. Whereas the monatomic gases such as helium are often used to increase gas velocity due to the 
formation of a narrower spray cone during spraying.
The geometry of the electrodes such as the cathode tip, shape, size and separation between the electrodes contributes 
to the gas plasma flow pattern and ultimately the temperature and velocity distribution profile of the powder in 
flight. It is widely reported, however, that the temperature profile of a plasma spray system is such that a 
temperature drop of 5000 K is common. This drop can occur over a distance of 50 mm from the central axis of the 
plasma which can affect the degree of softening and reactivity of materials when not maintained within the centre of 
the plasma. The temperature profile of the HVOF flame though much lower at around 3000 K has a less severe 
temperature gradient of between 500-600 K over the same distance from the centre of the flame. With the 
development of the plasma spray process from research into low thrust plasma arc engines for spacecraft, the utility 
of using the very high temperature plasma for spraying ceramics was soon recognised. In 1970 plasma sprayed 
TBCs began to be used on hot section transition ducts and other hot-section sheet metal components in the 
commercial gas turbine engine (Goward, 1987). Due to the excessive temperatures experienced in plasma flame, 
many if  not all the modem plasma systems incorporate an inert shroud of argon surrounding the plasma to protect 
the molten particles being exposed to atmosphere. Figure 2.3 shows a Schematic cross section of a typical plasma 
spray gun. It shows the route taken by the plasma gas which sometimes combines with the shroud gas, the powder 
injection point using a carrier gas and electrodes positioned within the system. Most of these systems are water 
cooled and many manufacturers’ systems generally operate on this basic design. To further reduce the possibility of 
atmospheric reaction of the powder particles, many plasma spray coatings are deposited within an enclosed 
chamber, either in a controlled inert atmosphere under pressure or vacuum. These vacuum plasma spray systems
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(VPS) or low pressure plasma systems (LPPS) can be expensive to purchase and operate while limiting the number 
and size of component that can be accommodated. Results suggest, however, that coating quality such as oxidation 
and porosity levels are considerably reduced when compared to atmospheric plasma spraying. Further development 
work (Sodeoka et a l, 1996) looked at the effect of low pressure plasma spraying (LPPS) and high pressure plasma 
spraying (HPPS) on the density levels of yttria stabilised zirconia. The results indicated that the higher pressure of 
2 0 0  kPa influenced particle velocity and the plasma heating efficiency into the powder particles, significantly 
improving the bulk density of the deposited ceramic coating as shown in Figure 2.18.
A further method of controlling the degree of softening or melting of the powder particle in the plasma flame by the 
gun manufacturers involves changing the injection angle and position of the powder into the plasma stream. Most 
plasma systems have external powder injection points outside the body of the gun. However, this reduces the 
maximum possible dwell period the powder can remain in the hot zone. By angling the injection of the powder, the 
dwell time of the powder in the plasma can be varied and ultimately influence its degree of softening. For higher 
melting point refractory ceramics, the injection point may be within the plasma gun itself, maximising the dwell 
period. Coating systems that require internal injection are prone to powder blockage as a result o f the higher 
chamber pressures needed to be overcome to deliver the powder into the plasma stream. Wear of the copper walled 
electrodes from the powder can also severely deteriorate the performance of the plasma gun over time. It is essential 
in aerospace coatings that consistency in coating quality is maintained. Spray distance is often quoted and is the 
distance between the exit of the gun and the substrate, this can vary between 50-150 mm with the impact angle 
generally set at 90° to the surface of the substrate. During the development of the plasma spray gun, the spray 
distance has increased over time as the gas pressures and flow rates have increased in-order to generate greater 
particle speeds. This effect of increasing the spray distance has improved the range of components that can be 
sprayed as the complex geometry of many of today’s thermally sprayed components makes it almost too difficult to 
coat confined surfaced with a short stand-off distance. Optimisation of spray parameters is generally based around 
spraying at 90° to the substrate. Spray deposition efficiency and quality of the coating can deteriorate considerably as 
the angle of impact deviates from the normal. A number of recent developments in the automotive industry has 
concentrated on spraying into internal bore components such as piston ring liners. Aerospace components though 
complex in shape, rely on the versatility of the robotics and manipulation systems to maintain a normal spray angle 
to the surface.
2.3 Development of electron beam - physical vapour deposition process
The electron beam - physical vapour deposition (EB-PVD) process is a multistage coating sequence in order to 
deposit a highly reliable thermal barrier coating. With ceramics such as yttria stabilised zirconia having a melting 
point of 3473 K and a very low thermal conductivity, it is estimated that a temperature of 4270 K is needed to be 
generated by electron beam impact. Before the condensed yttria stabilised zirconia forms nuclei and initiates grain 
growth, it can move across the surface of the component for short distances. The development of the then desired
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columnar growth is the norm but process parameters, such as the substrate temperature, the surface morphology and 
the component position, may affect the grain orientation and the column height..
To achieve the desired PVD, TBC coating, the component part must be processed at elevated temperatures. Coating 
morphology is a function of the substrate temperature and the melting point of the material. The closer the part 
temperature is to the melting point of the coating material, the greater the surface mobility of the condensed atoms 
and subsequently the denser the coating. Nickel based first and second stage high pressure turbine vanes have 
coating temperature limits about 1373 K -1 4 2 3  K owing to the melting point of the substrate and the stability of the 
pre-deposited bond coat /  substrate system.
Physical vapour deposition process sequence used to apply ceramic coatings includes the following:
2.3.1 Surface preparation on EB-PVD
Controlled engineering of the bond coat surface is critical to any successful coating process in order for a predictable 
coating to be applied. Further work (Rigney et a l, 1997) outlined the importance o f the bond coat surface roughness 
on columnar growth structure. A polished surface gives dense uniform vertical columnar as shown in Figure 2,19 
whereas, an increase in surface roughness, averaging 2 0  pm, gives greater porosity and nuclearisation growth.
2.3.2 Loading and preheating
After cleaning and surface preparation, parts are weighed and fitted in masked off holders. Using data from 
metallographic examination prior to a run and weighing the parts before and after the process, is the most rapid and 
precise non-destructive technique to determine the thickness of the coating. Parts are then loaded into an evacuated 
low pressure chamber before being moved into a separate preheated chamber.
2.3.3 The coating process
The microstructure of the coating is a complex function of many variables, such as deposition rate, pressure part 
orientation, temperature and geometry. The substrate temperature is one of the most important parameters affecting 
coating microstructure and life. The parts must be kept within a design temperature envelop using several different 
heating sources including heat of condensation, radiation from the hot pool, heat from impingement o f electrons or 
an auxiliary electron beam source if  additional heat is required. The temperature of the substrate is critical in the 
formation of the correct columnar structure as the YSZ condenses on the surface. This effect is similar to the 
temperature dependent splat formation properties of the APS TBC process. Unlike metallic systems, ceramic 
materials, such as yttria stabilised zirconia, dissociate during evaporation requiring additional oxygen to compensate 
for the gas pumped out of the chamber. The EB-PVD process as explained is a complex and intricate process used to 
deposit thermal barrier ceramic coatings. The method, however, when carried out correctly is reliable and
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consistent. It produces coatings with excellent thermal barrier properties with the ability to thermal cycle through 
the different stages o f aeroengine operation.
2.4 Development of high velocity oxygen fuel processes
A critical development within the thermal spray industry has been the use of higher pressures and gas flow rates 
used to flame spray denser, more wear resistant coatings. By utilising existing fuel gas and oxygen mixtures the 
thermal energy within the flame is maintained. Through increasing the gas pressures and flow rates, the benefits of 
the exhaust gas momentum transferred to the particles in the form of kinetic energy have been realised in the 
development o f the high velocity fuel (HVOF) process.
The progress of HVOF spraying in some measure is due to the limitations o f the systems used at the time to deposit 
coatings. All the techniques of thermal spray in operation at the time HVOF was introduced deposited coatings with 
a certain levels of porosity and limited cohesive bond strength. Flame spray, arc spraying and APS are all high 
temperature processes but generate slow particle speed which is essential to process dense low porosity coatings. The 
HVOF spraying of metal alloys and the wear resistant range of carbide powders were all tailored with respect to 
particle size and morphology to deposit dense coatings. With the introduction of ceramic powders for electrical and 
thermal barrier characteristics, the use of HVOF was largely ignored and the coating processes used to spray 
ceramics remained the exclusive domain of the high temperature techniques APS and EB-PVD.
The high velocity oxygen fuel system was first developed at the end of the 1970s simultaneously by a number of 
separate organisations, but much o f the initial work was by Bick, at the Thayer School of Engineering (Hanover, 
USA) and by Browning Engineering (West Lebanon, USA). The principle involves a mixture o f fuel gas such as 
propane, (C4H8) hydrogen (H2) or propylene (C3H6) combusting with oxygen supplied at a high volume and pressure 
necessary to generate the high velocity exhaust gases. The coating material, usually in the form o f a powder, is 
generally injected axially into the combustion chamber using an inert carrier gas. The gases are ignited in the 
combustion chamber and exit a nozzle arrangement from the front o f the torch. In most systems the combustion 
chamber and nozzles are water cooled, but in early versions the gun was air cooled limiting in its use due to its 
lower cooling capabilities.
Fuel gases such as acetylene, propane, propylene and hydrogen are accurately mixed with the oxygen in a specific 
volumetric ratio that will determine its theoretical flame temperature and the amount of liberated thermal energy 
available from combustion. For example, oxygen and propane achieve a maximum temperature of 3170 K at a ratio 
of 4:1. In comparison, the oxygen to acetylene maximum flame temperature is 3400 K and only requires a ratio o f 
1.5:1. These temperatures, however, are significantly lower when compared to the plasma operating temperatures of
10,000 K and above. The flow rates of fuel and oxygen injected into the rear of the combustion chamber used in a 
typical HVOF as shown in Figure 2.4, are much greater than the corresponding levels of gases required in APS
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when depositing a similar coating. Typically, 40-60 Nlm in1 of fuel gas and oxygen are used to produce exhaust gas 
velocities of 2000 msec' 1 (Kreye, 1991).
The powder sizes for HVOF compared to APS are usually much smaller at 5-45 pm compared to 45-150 pm due to 
the lower thermal energy available to HVOF processing that is necessary to folly soften the larger powders. Typical 
spray parameters for HVOF compared to APS are longer stand-off distances ranging between 150-300 mm and also 
a lower powder feed rate between 20-80 g min'1, again due to the limited levels of thermal energy available with the 
HVOF system. In general, the HVOF process produces high bond strength and lower porosity values compared to 
equivalent material sprayed with the APS technique.
The development of the high velocity oxygen foel process came after plasma spray coatings had made significant 
inroads into surface engineering of components. The drive to produce denser, harder, more wear resistant coatings, 
however, highlighted the need for increased particle velocity previously unobtainable through the conventional 
plasma spray systems. By utilising the combustion energy between oxygen and a foel gas, a limited range of powders 
depending on their melting point could be sufficiently softened and sprayed using the HVOF systems. One result o f 
this being that HVOF spray coatings have been found to be good for reclamation applications (Walker and Barnes, 
1994). Extensive work in areas of wear and erosion resistant coatings using powders such as WC-Co and CrC-Co 
cermets are common place in applications where the oils and petrochemical components require surface protection. 
A significant factor in the development of HVOF systems was the role o f the chamber or gas burner and its effect on 
coating characteristics.
2.4.1 Throat combustion chambers
As early as the 1950s, a significant amount of work had been undertaken (Smith et a l, 1958) at Union Carbide, 
using a throat combustion system as the first steps towards the Detonation Gun process. In this throat combustion 
burner, a cylindrical water-cooled barrel was used (no combustion chamber existed). The foel and oxygen gases were 
injected at about 200 kPa into a combustion region operating at a pressure of 170 kPa, which was maintained in the 
back end of the burner. Powder was injected axially, and the flow stream and particles accelerated in a manner 
similar to HVOF. The advantage of this system would appear to be simplicity and reduced burner chamber surface 
area and thus reduced heat losses. The thermal efficiency of such a device was reported to be in the range of 80% 
(Thorpe and Richer, 1992a), i.e. approximately 80% of the input foel energy leaves the exit nozzle as heat and 
kinetic energy. The disadvantage of this device is the limited throughput per unit area, due to flame stabilization 
requirements and therefore limiting chamber pressure and lower exit velocity.
2.4.2 Air-Cooled burners
An important modification o f the throat burner design is the air-cooled throat combustion system. Two versions 
exist: one a finned metal wall with compressed air cooling and the second an air sheath unit. In the latter, an
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annular flow o f air between the chamber walls and the flame contains and constricts the flow and reduces wall 
heating. Significantly, air dilution of the combustion stream raises the oxygen level in the flow stream and thus 
potentially increasing the oxide content of the coating. Furthermore, the air sheath produces additional turbulence 
and mixing, which decreases the flame temperature. The design, however, reduces the ability to use long barrels and 
thus limits particle velocity. Advantages of the design are its simplicity (no water-cooling passages), and low weight 
(Thorpe et a l, 2000). This design concept was the basis of the early versions of the Diamond Jet HVOF system 
manufactured by Sulzer Metco Ltd. Later models of the Diamond Jet incorporated both air sheath cooling and water 
cooling of the main body of the combustion equipment. The impingement and interaction of the air sheath on the 
combustion flame, however, was taken into consideration when setting the oxygen and fuel gas parameters. A 
number of thermal spray operators have now replaced the air sheath with an inert nitrogen sheath to spray materials 
that are sensitive to oxidation, such as metals and some cermets.
2.4.3 Chamber combustion burners
By moving to a larger diameter combustion chamber, throughput can be increased and therefore chamber pressure 
and resulting gas and particle velocity can be increased. The advantages of the chamber burner versus a throat 
burner are higher particle velocity and more particle heating because of the longer barrel length and lack of air 
entrainment. This type of chamber configuration is used in the Praxair system, the HV200 allowing the greater 
opportunity to sufficiently soften the ceramic particles. With this greater degree of heat input into the powder it 
allowed the system manufacturers to modify the powder injection position within the chamber in order to optimise 
the desired coating requirement.
2.4.4 Right angle powder injection
This type of chamber, first used in the Jet Kote manufactured by Dellora Stellite, shown in Figure 2.4.1, uses a right- 
angled combustion system, in which the flame is burned in a larger diameter combustion chamber at right angles to 
the exit nozzle. This is an appealing design, especially for handheld guns. Most HVOF systems, however, are 
machine-mounted because of noise, heat, and thrust. A distribution head at the exit of the combustion chamber, and 
prior to the exit barrel directs the flow at 90° and provides a method of injecting the gases uniformly into the exit 
nozzle. This design also provides a water-cooled area for injection of the powder on the axis of the gas stream in the 
throat region. The disadvantages of this right-angle nozzle are additional heat losses o f the turning head and high 
differential heat fluxes, which can cause cracking. The nozzle design also extracts energy and cools the gas prior to 
injection of the powder, thereby reducing the gas temperatures available for particle heating (Lee, 1995).
2.4.5 Axial powder injection
A further evolution of the water-cooled HVOF design is the axial flow device used in the HV2000, shown in Figure 
2.4.2. This design improves the thermal efficiency by incorporating a central injection of powder within an axially
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located combustion chamber. The central injection of powder permits more uniform heating of the particles, less 
critical injection parameters and therefore, more uniformly heat-affected powder that may result in superior coating 
characteristics.
2.4.6 Radial injection
Figure 2.4.3 is a modification of the axial chamber system shown in Figure 2.4.2. In this case, a 
converging/diverging nozzle is added, and the powder is injected beyond the throat. As the combustion gases leave 
the combustion chamber and pass through the throat, an under expanded condition then occurs, producing low 
pressure just downstream of the throat. Powder injected at this point provides simplified powder injection, enabling 
more uniform loading of the exit stream and more efficient use of the available heat. This allows significantly higher 
spray rates per unit of energy input. Operating data (Reusch et a l, 1995) shows that at least twice the spray rate per 
unit of energy can be achieved with radial powder injection versus axial injection. The low-pressure powder 
injection region also alleviates the need (and cost) for a high-pressure powder feeder and canister.
A further benefit of the radial injection design is seen in the higher pressure HVOF systems where liquid kerosene 
replaces the gaseous fuel and oxygen is used at considerably higher pressures and volumes. The JP500 system 
manufactured by Praxair Surface Technologies Ltd utilises the radial injection design to avoid injecting the powder 
into the high pressure combustion chamber, again reducing the need for higher pressure powder feeders.
2.4.7 Advantages and disadvantages of HVOF systems
Particle velocity in thermal spray processes is veiy important as it can result in higher bond strengths and lower 
porosity as the particles have less time to cool down at the higher velocities thus impacting a substrate in a semi- 
molten state. The HVOF process is designed around delivering these high velocities and this contributes to the 
following advantages that HVOF have over other thermal spray processes in terms of particle condition (Thorpe and 
Richter, 1992a);
•  More uniform and efficient particle heating due to the high turbulence experienced by the particles within the 
combustion chamber.
• Much shorter stand exposure time in flight due to the higher particle velocities.
•  Lower surface oxidation due to the short particle exposure time compared to other thermal spray techniques.
•  Reduced mixing with air once the particle leaves the gun.
• Lower ultimate particle temperature compared to other processes, such as plasma and arc guns, as these 
processes operate at temperatures of 16000 K and 6000 K respectively. This compares to the 3500 K in the 
HVOF process.
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The following table details the coating advantages of the HVOF process and the main reasons for these advantages;
Coating advantages of HVOF Main reasons for the advantages
High density (lower porosity) Higher impact energy
Improved conductivity Less porosity
Higher hardness rating Better bonding, less degradation
Improved wear resistance Harder, denser coating
High bond and cohesive strengths Improved particle bonding
Greater phase retention Reduced time at higher temperatures
Smoother as-sprayed surfaces Higher impact energies
2.5 Fuel gas development in HVOF systems
A critical milestone in the development of HVOF spraying o f high temperature materials, such as ceramics, is the 
utilisation of acetylene. Without the energy combustion properties of this double bonded hydrocarbon compared to 
other commonly used HVOF fuel gases, it would not be possible to approach the energy levels necessary to soften 
poor conductive powders to produce the required coating properties.
Being able to offer a consistent high level of spray coating on a global scale has become an essential requirement in 
the development of the thermal spray industry. For this reason it is extremely important to supply high quality 
auxiliary materials for the HVOF process such as powder and industrial gases. It has therefore been the objective o f 
industrial gas companies to develop and deliver high purity, cost effective gases safely at the required pressure and 
flow rate. Industrial gases used in thermal spray have developed as the requirements for the thermal spray 
equipment has progressed over the years. The early 1st generation HVOF systems such as the Jet Kote and Diamond 
Jet guns operated with propane at relatively low combustion chamber pressures of around 500 kPa (Ricckfalt et al., 
2002). Propane is the most frequently used fuel gas for HVOF burners with sufficient energy 93.2 MJm' 3 to achieve 
good results for a wide range of materials. Propane is a widely available and relatively cheap fuel gas but suffers 
from a marked difference in quality from region to region, due to the derivation of this by-product from crude oil 
manufacture. According to DIN standard 51662 and British standard BS 4250 the composition o f propane /  
propylene must be at least 95%. The withdrawal of propane from vapour withdrawal cylinders is the conventional 
method of supplying fuel gas to HVOF systems. Such delivery systems experience problems during high volume 
withdrawal over extended periods and during cold climatic conditions. One short term method to reduce these 
problems is to manifold multiple cylinders together.
Hydrogen fuel gas was first used for the deposition of HVOF coatings in the late 1970s (Rao et a l, 1986), through 
the Jet Kote system. In an attempt to use higher pressures not achievable using propane, hydrogen was selected as a 
fuel gas that was stored as a compressed gas at pressures approaching 30,000 kPa. Initial results with tungsten 
carbide cobalt showed reduced levels of oxidation compared to similar coatings developed using propane. The major 
benefit of using hydrogen, however, over gas withdrawal propane is the ability to maintain higher pressures and
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flows over extended spray periods. Hydrogen is also available at levels of purity far higher than propane and 
relatively consistent on a region by region basis. Typical hydrogen purity is around 99.99% with only small traces of 
nitrogen and moisture. It is the benefits o f this constant purity that resulted in the development o f hydrogen as the 
preferred fuel gas for aerospace applications. As with propane, for large volume applications, multiple cylinders of 
hydrogen can be manifolded together to meet the required demand.
HVOF experiments were carried out on the Diamond Jet, Top Gun, Jet Kote and JP 5000 to investigate the influence 
of spray parameters especially fuel gas type on the microstructure and properties of Cr3C2-NiCr coatings. The work 
(Kreye et a l , 1996) showed that the Top Gun system, an early version of the HV2000, was the hottest of the HVOF 
systems due to its chamber design. The wide chamber width and slow gas velocity compared to other HVOF systems 
available, combined to give the highest deposition efficiency values for the Cr3C2-NiCr powder.
Acetylene, due to its high enthalpy of reaction would be an ideal fuel gas for HVOF combustion but it has 
limitations associated with pressure and it is a difficult gas to use. With the expertise of the author and BOC Gases, 
it was considered possible to overcome these various difficulties so its use with HVOF is of particular interest.
Due to the widespread use of acetylene in wire and powder spraying applications, it was only a matter of time before 
its properties would be fully recognised in HVOF coatings. Due to the pressure limitations of acetylene, however, 
and concerns over its safety only one of the major HVOF equipment suppliers, Miller Thermal Inc. incorporate 
acetylene into its gas supply console. The use of acetylene for coatings with the D-Gun ™ process, however, have 
been utilised by the Union Carbide Corporation since 1955 (Poonnan et a l, 1955) in its coating services division. It 
was only in the early 1980s that the Top Gun system first developed coatings sprayed with acetylene (Bick and 
Jurgens, 1983). These first coating included WC-Co based wear resistant applications with limited adhesive bond 
strength and higher levels of oxide contents compared to identical powders deposited using hydrogen condition. The 
influence of oxygen to fuel ratio and gas velocity conditions using acetylene was first investigated (Korpiola and 
Vuoristo, 1996), using the HV2000 HVOF system on WC-Co coatings. The work indicates that the fuel /  oxygen 
ratio has little effect on particle acceleration or velocity regardless of the increase in gas velocity. Higher gas 
velocities lower the particle temperature in two ways, shorter exposure time in the hot flame and lower gas 
temperature at the exit of the nozzle. The effect of lower gas temperature on WC-Co systems is seen as a decrease in 
the level of oxidation or a lowering of de-carburisation. Comparison of wear performance and phase microstructure 
of the carbide coatings showed that the degree of de-carburisation produces a harder binder phase to the WC-Co 
system improving the hardness and wear rate which is related to increased velocity. It was therefore suggested that 
the increase velocity would increase the wear rate reducing the wear resistance of the coating.
The momentum transfer between HVOF flames and the sprayed particles is an important factor in the thermal 
spraying of high melting point refractories (Browning, 1992). In some thermal spray techniques the temperature of 
the flame is only 3000-4000 K. However, the high velocities associated with HVOF particles reach higher kinetic 
energy levels at impact with the substrate. The energy transformation into increased particle temperature at impact 
has been estimated as high as 900-1600 K for velocities around 800m sec’5. For lower velocities associated with 
HVOF, further work (Wagner et a l, 1984) indicated that the speed on impact is nearer 400m sec’1. This translates
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to an increase of 100 K for A120 3 and T i02 (Samsonov, 1978) and 300 K temperature rise on impact for 45 fim WC- 
Co particles (Joshi, 1992).
The development of the HP HVOF system, such as the JP5000 by Praxair Surface Technology, has resulted in 
increased particle velocities over conventional gaseous HVOF systems. The use of liquid kerosene to replace gaseous 
fuels such as acetylene has resulted in the need for increased oxygen flow rates and subsequent higher pressure to 
balance out the use of the concentrated hydrocarbon for combustion. This increased combustion pressure translates 
to an increase gas velocity ( 2 0 0 0  msec'1) and particle velocity (400-800 msec'1). The benefits gained by increasing 
the kinetic energy of the powder particles on impact, however, are insufficient to replace the significant drop in 
flame temperature when using the kerosene based hydrocarbon. The flame temperature of oxygen and kerosene is 
2900 K (Heath and Dumola, 1998) compared to nearly 3500 K for acetylene as shown later in Figure 3.8, thereby 
restricting the process to carbides and to metals as the sprayed material. The increased temperature of the particles 
on impact due to energy transformation is not high enough to deposit ceramics.
2.6 In- flight particle characterisation and gas dynamics of HVOF system s
An understanding of the in-flight particle characteristics and gas dynamics would be useful in optimising the HVOF 
system, however, the study of thermal spray powder particles in-flight is a difficult and expensive undertaking. 
Investigating and monitoring the numerous interactions on the particles during their journey from entering the 
combustion chamber to solidification on the coating is an important aspect of understanding coating development. 
Interactions, such as the heat transfer of the flame’s thermal energy into the powder, the momentum transfer from 
the gas velocity, the particle’s impact with the substrate and the solidification of the lamellae into coatings, have all 
been the focus of significant levels of research. The next sections cover the important developments in monitoring, 
modelling and experimentally proving the interactions on the powder.
An integrated optical monitoring system is used to measure, in real time, particle temperature, velocity and diameter 
(Leblanc and Moreau, 1998). The particle diagnostic system looked at three different powders using the same spray 
parameters. It showed that the larger particles are slower than the smaller ones and the lighter the particles are, the 
more they accelerate in the plasma plume. The results also indicate that some of the particles break in flight, 
creating smaller particles as they interact with the plasma plume.
A new measurement technology established at Sulzer Metco made it possible to measure simultaneously the surface 
temperature and the velocity of the melted particles in a plasma flame. The work (Schutz et a l, 1998) shows a 
correlation between splat formation and coating characteristics in an industrial environment. With the use of closed 
loop control, the production of uniform particle properties is possible giving greatly improved reliability. The work 
also compares the relationship between velocity and spray distance and a further correlation between particle 
temperature and deposition efficiency. The work goes on to look at the effect of particle velocity and temperature on 
splat formation.
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Investigation of the internal gas dynamics of the Hobart-Tafa HVOF gun shows the effect of rapid turbulence of the 
exhaust combustion gases and the mixing with the surrounding atmosphere that impacts on coating quality (Thorpe 
and Richer, 1992a). The work shows the influence of gas flow through the barrel of a HVOF gun being subject to 
friction and heat transfer. It shows the products of combustion (hot gases) accelerate to Mach 1 (340 msec'1) at the 
nozzle throat and then expand to around Mach 2 (680 msec'1) at the junction of the nozzle and barrel. The work 
interestingly, shows that friction drives the flow at the barrel exit towards Mach 1 while heat transfer from the gas to 
the cooling water tends to do the opposite and reduces hot gas velocity.
The gas flow leaving the HVOF barrel is known as “an under expanded axisymmetric supersonic free jet” and 
results in one of the most noticeable features of HVOF spraying. The hallmark “shock diamonds” embedded with 
the initial part of the jet are due to the repeated reflections of the oblique waves within the supersonic core of the jet 
as it expands and contracts during interaction between the surrounding atmosphere. The repeated expansion and 
contracted regions results in visible and invisible light patterns along the supersonic core until eventually it 
dissipates by mixing with the surrounding atmosphere. The elongation of the shock-diamond cells and the angle of 
the shock waves are determined by HVOF barrel exit velocity and the pressure ratio between the exit jet and 
atmosphere. Investigation (Hackett and Settles, 1994) into the effect of rapid mixing of the surrounding atmosphere 
into the supersonic core reduces its length and results in issues concerning coating quality. This mixing appears to 
be a function of density ratio between the hot jet and the cold atmosphere rather than depending on such pressures as 
combustion chamber pressure or barrel length.
2.7 Fundamental work on the interaction of powder particles from process to 
product
Powder particle interaction with its environment is a critical factor in all thermal spray processes from the moment 
the powder enters the combustion chamber to the point of impact on the component surface. The particles of powder 
injected into the flames are subjected to rapid acceleration, intensive heating and oxidation in flight before de­
acceleration on contact with the substrate. Significantly, HVOF guns can produce particle velocities, thermal input 
and in-flight interaction that are considerably different from other currently available commercial thermal spray 
processes. Specific particle conditions that contribute to the increased advantages of HVOF compared with other 
types of thermal spray processes in air include (Swank et a l, 1994):
•  Favourable environment.
• Much shorter exposure time in flight (about 1-2 ms).
•  Reduced mixing with ambient air once the jet and particles leave the gun.
• Lower ultimate particle temperatures compared to plasma or arc guns (about 1500-2500 K).
The microstructure of the sprayed coatings and their properties depend strongly on the phenomena occurring during 
the particles’ flight. This chapter covers some of the working knowledge on the properties of flames, particle heat
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transfer, in-flight velocities, oxidation from atmosphere and deformation and solidification o f the particles on 
impact.
2.7.1 Gas combustion phenomena
The basic requirement of a HVOF system is to bum fuel and an oxidant in an enclosed chamber building up 
pressure so that the gases expand through an orifice as they exhaust and accelerate to the atmosphere. With a few 
exceptions, such as arc spraying in an inert atmosphere (VPS), the projection of the powder through the HVOF 
system takes place in air so the interaction of the powder in this environment and its exposure previous to this in the 
combustion chamber, strongly determines the resultant impact on the surface of a component. The generation of the 
heat inside a HVOF thermal spraying system comes from the gaseous combustion of oxygen and a fuel gas, 
involving the chemical transformation between the two. This section gives a brief review of the chemistry of gas 
combustion as the interaction between the powder particles and the flame is a fundamental part of the HVOF process 
and a key consideration in this research project.
Combustion is a chemical reaction between a fuel gas and oxygen in which energy is liberated as heat. An efficient 
combustion system must ensure that the chemical reaction takes place in a well-controlled and effective manner.
There are three conditions required for complete combustion of a fuel gas (Glassman, 1996):
1. Temperature -  the fuel and oxygen must be at a high enough temperature to react.
2. Mixing -  the oxygen and fuel must be well mixed.
3. Time -  there must be sufficient residence time at high temperature for the reaction to take place between the 
fuel and the oxygen. This can determine the necessary size for the combustion chamber.
Gases are the easiest fuels to combust. Reactions between a gaseous fuel and oxygen take place quickly, as it is 
relatively easy to ensure thorough mixing. Once mixed and at a high temperature, the combustion reactions take 
place instantly. High turbulence between the fuel gas and the oxygen will ensure fast mixing and hence rapid 
combustion. The burners of HVOF systems are usually designed to ensure efficient mixing of the fuel gas and 
oxygen with the pre-mixed gases generally being injected into the combustion chamber through a number of fine 
holes. The more efficient the mixing, the more intensely and rapidly the gases bum and the smaller the combustion 
chamber required (Thorpe et a l, 2000).
In order to gain an understanding of gas combustion phenomena it is necessary to consider aspects of chemical 
thermodynamics and chemical kinetics appropriate to the reactions which are of interest. One of the most important 
calculations obtainable from thermodynamics is the isobaric, adiabatic flame temperature which is a function of the 
oxygen to fuel ratio in the combustion mixture. This calculation also allows for the high temperature dissociation of 
the combustion products. Chemical kinetics is the study of elementary reactions and their reaction rates. The actual 
reaction paths of combustion are normally extremely complex, involving many separate steps. The following two 
sections deal, in brief, with thermodynamic and kinetic aspects respectively.
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2.7.2 Chemical thermodynamics
2.7.2.1 Stoichiometry
The stoichiometric or chemically correct equation defines the exact proportions of fuel and oxidant that, on 
completion of the reaction, leave no excess molecules of either fuel or oxidant. The method of calculating the 
stoichiometric oxidant/fuel mixture ratio is given below. It is of note, however, that oxidant/fuel mixtures can also 
bum non-stoichiometrically over a mixture range between fuel rich and weak oxidising limits, which is more 
applicable in HVOF thermal spraying practices. It is often convenient to express non-stoichiometric conditions as an 
oxygen percentage of that needed for stoichiometry. Considered is the case of acetylene, C2H2;
The stoichiometric equation is: C2H2 + 2.5 0 2 = 2C02 + H20
The percentage of the oxygen stoichiometry required is 2.5/1 x 100 = 250 %.
For individual hydrocarbons (common fuels for HVOF systems) of known formulae, the stoichiometric oxygen 
requirements, together with the resulting un-dissociated products, are determined by means of the stoichiometric 
equation shown below, based on a single mole of fuel.
Where,
m s = stoichiometric moles of 0 2/mole fuel, 
n 1 = moles of product C 02/mole fuel, 
n 2 = moles of product H20/m ole fuel.
The equation is solved by elemental balances, as follows;
Carbon balance n 1 = x
Hydrogen balance n 2=y/2
Oxygen balance m s= n 1 + n 2/2 = x + y/4
Hence, the stoichiometric oxygen/fuel ratio, on a molar basis is,
CxHy + ms 0 2 = ni C 02 + n2 H20
O/F = m s = x + y/4,
The corresponding value on a mass basis is,
12*  +  ^
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For acetylene, the oxygen to fuel ratio is 2.5 which compares favourably to other common HVOF fuel gases with 
respect to oxygen requirement. Both propylene and propane for example, require an oxygen to foel ratio of 4.5 and
5.0 respectively for complete stoichiometric combustion.
2.7.2.2 Enthalpy of formation
When molecules form from their elements, transfers of energy are involved. Thermodynamic considerations, such as 
energy transfers to and from a system may take the form of both heat flow and work flow. When the conditions of 
the fluid are those of a steady flow at a constant pressure (isobaric), the property of the fluid is known as enthalpy,
H, (Kuo, 1986) where the equation is,
H = U+pV
and AH = AU+ pAV
Where, U is internal energy of the fluid, p is pressure of the fluid and V is volume of the fluid.
The standard conditions selected are a pressure of 1 atm (1.01325 bar), with equal initial and final temperatures of 
298.15 K, the corresponding values being given the superscript symbol °.
The stability of the foel gas molecules indicates that they lie within troughs o f energy, unable to react until 
additional energy is provided to raise them over some adjacent energy peak permitting descent into another trough. 
Under standard isobaric flow conditions, therefore, the formation process of a molecule from its component elements 
can be considered in the following two stages (Goodger, 1993):
I. Addition of enthalpy to subdivide the appropriate number of elemental molecules from their natural equilibrium 
structure at the standard conditions into free atoms.
2. Release of enthalpy by the combination of these free atoms to form the structure of the molecules concerned at 
the standard conditions.
The first stage involves the ‘atomisation enthalpy’, which in chemistry is considered positive in the sense that it 
adds to the total stock of energy in the element system. The second stage is accompanied by an energy release, but it 
is usually described in the opposite sense as ‘bond dissociation enthalpy’. This represents the atomisation enthalpy 
required to dissociate the bonds of the completed molecule back into free atoms.
Hence, standard enthalpy of formation is,
A H ? = 2 A H ,-£ D (X -Y )
Where,
AHa = enthalpy of chemical atomisation, (enthalpy required to dissociate the molecular bonds of a parent element).
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D(X -  Y) = bond dissociation enthalpy, (enthalpy required to-dissociate an X-Y bond within the resulting 
compound).
In many cases, AHf°  is seen to be negative, indicating that the resulting molecule is more stable than its component 
elemental molecules, and is therefore unlikely to revert spontaneously back to them. This is shown schematically in 
Figure 2.5.
Acetylene has the highest positive heat or enthalpy of formation at 7500 kJ kg'1. This is derived from the electrical 
energy put into the manufacture of calcium carbide by heating a lime and carbon mixture to 2370 K in an electric 
furnace. At the high temperatures the lime is reduced by carbon to calcium carbide and carbon monoxide. The 
calcium carbide is kept in an inert atmosphere as it produces acetylene on contact with water.
2.7.2.Z Enthalpy of reaction
When the dissociation enthalpy is supplied to a fuel molecule, together with the atomisation enthalpy of its 
stoichiometric number of oxygen molecules, the total number of free atoms rearrange themselves as oxide products, 
and so fall into a much deeper enthalpy trough as they release their new quantities of bond dissociation enthalpy 
(Goodger, 1993). Again, steady flow isobaric reactions are considered and as seen from inspection of Figure 2.5, 
standard enthalpy of combustion reaction is,
A H ° =  £ ( A H ? ) P - £ ( A H ? ) r  = ^ ( I1A H ? )J
Where,
mi = number of moles of reactant i. 
nj = number of moles of product j.
Subscripts P and R refer to products and reactants respectively.
Standard enthalpies of reaction for the main hydrocarbons used in HVOF spraying are shown in Table 5.1. A 
negative ordinate is adopted here in order to be consistent with the concept of positive heat outflow accepted in 
combustion engineering practice.
2.7.2.4 Adiabatic flame temperature, Tad
If a fuel-oxygen mixture bums adiabatically at a constant pressure, the absolute total enthalpy of the reactants at the 
initial state (say T0 = 298 K, P = 1 atm) is equal to the absolute enthalpy of the products at the final state (T = Tad, P 
-  1 atm). This results in,
Hreact (Tj, P )  — Hprod (T ad, P )
31
Chapter 2 Literature review
Where,
react
and
= 2 > j(AHf)j = 2 > j[A H ? + cpJ(T,d- 2 98)]
prod prod
Conceptually, the adiabatic flame temperature is a simple concept. It can only be evaluated, however, if  the 
composition of the combustion products is known. Assuming stoichiometric, complete combustion, the product 
composition can be readily defined. However, at typical flame temperatures i.e. between 2000-3000 K, the products 
dissociate into other species and the final equilibrium mixture is comprised of many species as discussed in the next 
section.
The end-products of combustion are normally carbon dioxide and water. These, however, can only be completely 
produced when cold. At temperatures above 1800 K (Williams, 1985), the thermal agitation of combustion products 
is such that they begin to dissociate back towards their reactant materials, giving reversibility to the combustion 
reaction, thus,
At a sustained high temperature a condition of dynamic equilibrium exists with rates of combustion and dissociation 
exactly equal so that the reactant and product materials coexist in constant proportions.
The rates of such reactions at selected temperatures can be determined by experiment, and are found to be 
proportional to the instantaneous concentration of each material raised to some power, (Goodger, 1977), as follows;
Forward reaction rate = kF [A]“ [B]p, and,
Reverse reaction rate = kR [C]r
Where [A, B or C] = instantaneous molar concentration of material A , B , or C,
k = rate constant for the reaction, and
a , p, y are experimentally-determined powers.
Since the two rates are equal at dynamic equilibrium,
2.7.2.5 Dissociation
A+B
combustion
C
dissociation
[ c r  k  r ..
[ A T lB f  k„
concentration equilibrium constant for the reversible reaction.
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At over 2000 K, the combustion products, a mixture of carbon dioxide and water, decompose or dissociate into CO, 
H2 and 0 2. At higher temperatures beyond 2700 K, dissociation proceeds further to promote such radicals as O, H, 
and OH. It is more appropriate therefore to consider dissociation, giving the following combustion equation for any 
general mixture of fuel gas and oxygen:
CxHy + m 0 2 = ni C02 + n2 H20  + n3 CO + 1 1 4  H2 + n5 O + n6 H+ n7 OH
2.7.3 Heat transfer between gas and powder particles
The goal pursued, while optimising the process parameters of spraying, is to ensure that all the particles impacting 
the substrate are molten. With this process, optimum coating properties are produced using dense powders, such as 
ceramics. If the particles are small or conduct heat well, then this objective is easier to achieve. To melt larger 
particles or poorly conducting particles, it may be necessary to choose process conditions that lead to intensive 
evaporation from the particle surface resulting in a temperature gradient within the powder particle. This gradient 
effect is an important phenomenon when considering the porosity generated within the coating on impact.
The main mechanisms o f heat transfer from the flame to the powder particle are conduction, convection and 
radiation. A further heat transfer method (Meyer, 1962) arises from the catalytic activity of the molecular flame, 
which leads to a recombination of the atoms on the surface promoting heat transfer. This method can also be taken 
into account by the mechanism of conduction.
The temperature of a spray particle rises as thermal energy is transferred from the gas to the particle, primarily 
through conductive and convective heating. This heat transfer can be defined as,
Qc = 7dXNu(T - Tp)
Where Qc = The heat transfer, 
d = Particle diameter.
T = Gas temperature.
Tp = Particle temperature.
The conduction and convection mechanisms are described by the Nusselt number (Nu). The spherical shape of the 
particles can be found from the following equation;
Nu = 2 + 0.6Re 0.5
f  r *  V /3
/ / —
C  1  j
Where Cp and % are the specific heat and the heat conductivity of the gas properties respectively.
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The terms on the right hand side of this equation describe the conductive mechanism, which is dominant if  the Re 
number is small, i.e. when the particle has a velocity nearly equal to the velocity of the flame. Such cases occur 
when the particle is at the beginning of the flight where Re is the drag coefficient relative to the HVOF flame.
The temperature of the particle is then obtained from:
X (mcCp) dT = Qc 
dt
2.7.3.1 Thermal conductivity transfer
The thermal energy transfer from the flame into the powder interior during spraying is a difficult mechanism that 
needs to be overcome. The cause of the difficulty, however, i.e. the low thermal conductivity of the powder, is the 
main reason why such powders are used as thermal barrier coatings. Thermal conductivity is a property of materials 
that expresses the heat flux that will flow through the material if  a certain temperature gradient DT (mK'1) exists 
over the material. The thermal conductivity of zirconia Zr02 has the lowest values for ceramics at 0.77 to 1.1 W 
mK'1. It depends heavily on the defects like cracks and pores and their shape and morphology within a coating. This 
was shown by investigation (L£ger et a l,  1996) carried out on substrate temperature and the contact between the 
zirconia splats and the substrate at different temperatures. The work shows that the dependence of the thermal 
conductivity of the splat to splat contact is the density of the horizontal delamination or the visible splat boundaries, 
where the decrease in delamination is inversely proportional to the deposition temperature. The decrease of 
horizontal delamination is accompanied by an increase in thermal conductivity. It is this effect of coating 
morphology that translates into the difference in heat transfer between different powders. For example, an 
agglomerated and sintered powder with inter-connecting porosity encourages conduction into the interior of the 
powder, whereas an angular and fine powder with a dense microstructure is difficult to soften totally.
The final coating structure also determines the conductivity of APS thermal barrier coatings (Boris and Hackett, 
2001). The fused and crushed particles result in small trapped porosity providing the only interruption to conductive 
heat through the dense coatings. The agglomerated and sintered powders transfer a larger percentage of their 
internal porosity to the coating providing excellent thermal protection. The agglomerated and densified powder 
collapses on impact creating a splat with elongated lamina pores providing an excellent barrier to conduction.
2.7.4 Thermal modelling HVOF systems
HVOF is one of the families of processes available for the deposition of a protective coating onto a material. In 
HVOF processing, oxygen and fuel gas are mixed and fed into a combustion chamber where burning takes place. 
Powder particles are injected into the high temperature, high velocity, combustion gas stream which flows through 
the barrel before emerging as a hot gas jet into the air. The powder particles entrained in the stream are heated and
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accelerated towards a substrate where deposition occurs. It is recognized that the growth in HVOF spraying in many 
industrial sectors makes it useful to understand the influence of spray parameters on the behavior of the hot exhaust 
gases and the entrained powder particles. Since direct measurement of fundamental data, such as gas and particle 
velocity is extremely difficult, numerical modeling affords great scope in understanding the key process variables 
and facilitating improvements to the HVOF process.
A number of different one-dimensional models has been reported in the literature (Shrikant et al., 1991, Sobolev et 
al., 1994, Kadyrov et al., 1994, Tawfik and Zimmerman, 1997) and provide insight into the principles of HVOF 
system operation. Given the assumption that the gas flow is one dimensional and the particle loading is low enough 
so as not to influence the temperature and velocity profiles in the gas stream, a one dimensional model is able to 
track particles activated by the gas flow. Generally, a one dimensional model has the characteristic features of gas 
flow inside the combustion chamber.
The imposed gas composition and thermophysical conditions inside the combustion chamber are either calculated by 
a one dimensional rocket performance program (Gordon and McBride, 1996), or based on other simplifying 
assumptions. For gas flow inside the system, the relevant one dimensional compressible flow equations are solved 
analytically (Tawfik and Zimmerman, 1997). In other cases, gross simplifying assumptions are made about the 
variation of gas temperature and velocity inside the system. Generally, the free jet external to the gun is modelled 
using one of the empirically based free jet correlations. Once the gas flow and temperature fields have been specified 
in one dimensional models, then particle tracking is performed by analysing the motion and heating o f individual 
particles (of different size) injected into the gas stream. This is normally discussed in terms of momentum transfer 
and heat transfer to the particle.
Work on modelling the gas dynamic of the HV2000 HVOF system (Si, 2000) showed the following;
• A maximum gas temperature of 3190 K was achieved with propylene combustion.
•  Gas velocity reached a Mach number 1 at the gun exit and was further accelerated through free jet expansion.
•  The high temperature supersonic jet decayed rapidly as a result of air entrainment and turbulent mixing.
• The gas dynamic behaviours depended on total gas flow rate, fuel to oxygen gas ratio and the geometry and size 
of the combustion chamber.
The particle dynamic studies (Si, 2000) revealed that the design of the HV2000 gun, with axial powder injection, 
ensures that the powder particles remain well aligned to the axis of the gun with a very low probability of 
impingement on the wall of the nozzle. Smaller particles have the advantage of being heated and accelerated more 
effectively during the thermal spraying process than the larger particles. The size of the combustion chamber, 
however, has a significant effect on particle heating and acceleration. At a given fuel to oxygen ratio, decreasing the 
total flow rate decreases maximum particle temperature and particle velocity. Conversely, at a given total flow rate, 
the fuel to oxygen ratio has a negligible effect on particie temperature but results in an increase in the maximum 
particle velocity as the mixture becomes more fuel rich.
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In HVOF processes, powder is transported by a carrier gas and injected into a burning gas flow. The particles 
behaviour in the flow can be determined from the physio-chemical properties of particles and the thermo-physical 
properties of the gas flow. There are several methods following either the Eulerian or the Lagrangian approaches 
which enable modelling of the dynamic and thermal behaviours of in-flight particles.
The Eulerian approach consists of a coupling of equation which treats the gas-particle flow as a two-phase flow. 
Two phases are considered as two fluids occupying each fraction of space volume. This method is favoured when the 
fraction of particles is large. It requires, however, a long computation time because the equations system has to be 
solved by an implicit method.
The Lagrangian approach considers the volume occupied by particles as negligible. With this approach the semi­
coupled or decoupled method can be used to solve the governing equations. For the semi-coupled method, the 
coupling between the two phases is done through source terms in the gas phase equations. This technique normally 
incorporates a statistical model to take into account the non-uniform distribution effect of particle sizes. The 
decoupled method presupposes that the gas flow is not disturbed by particles. In this case, the governing equations 
can be described separately for gases and particles.
Simulation conducted on the Diamond Jet using a propylene and oxygen flame and argon as the carrier gas, injects a 
stream of solid spherical particles into a conically converging combustion chamber (Oberkampf and Talpalikar, 
1994). The gun is assumed to exhaust to ambient conditions consisting of air at room temperature and at sea level 
pressure. For simplicity of the external geometry, the aircap is assumed to have a large outside diameter, i.e. a solid 
wall extends radially at the exit of the gun. The general characteristics of the internal flow field is a release of 
thermal energy from the oxy-propylene combustion and a resulting increase in pressure inside the gun. The pre­
mixed oxy-propylene stream is assumed to begin combusting as soon as it enters the computational domain. The 
combustion can also include oxygen from the adjacent air stream. The pressure is sufficient in the gun to choke the 
flow through the nozzle exit with Mach 1 being attained at the exit of the gun. As the pressure in the exit plane is 
greater than the ambient condition, the air cap flow is under-expanded. The numerical simulation terminates at an 
axial distance of 2 0  gun radii from the exit plane of the gun, at which time the flow is near sonic conditions.
The Computational Fluid Dynamics (CFD) model predicted the flow pattern and particle behaviours within the 
HVOF system. Figure 2.6 shows the computed static temperature distribution inside the gun using shaded contours. 
This plot shows that the pre-mixed oxy-propylene stream enters from the left between a radial position 2.5 mm and 
3 mm into a small region of cool gas which reacts instantaneously with the core region of hot gas. Figure 2.7 shows 
the static pressure on the centreline of the gun vs. axial distance. This plot shows the magnitude of the pressure 
changes due to the expansion and compression waves intersecting the centreline flow exterior o f the gun. The 
particle characteristics have been examined using eight computational particles distributed evenly across the injected 
argon stream. Each of these computational particles represents a large number of actual powder particles with a total 
diameter of 30 pm. Figure 2.8 shows the temperature of each of the eight particles vs. the axial position. The 
particles show a range in temperatures, depending upon where they were introduced into the powder feed stream.
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Particles near the edge of the argon stream are exposed to the highest gas temperatures. Predicted particle velocities 
vs. the axial position are shown in Figure 2.9. At the exit of the gun, the velocity of the particles range from 20 to 60 
ms'1, depending on their location when introduced into the argon stream. External to the gun the particles increase 
in speed steadily and exit the computational domain in the velocity range of 220 to 240 ms'1.
The numerical prediction is improved from previous models (Shrikant et a l, 1991), (Power et al., 1991) by fully 
coupling the internal and external flows. Moreover, the chemical reaction is accomplished by including the 
dissociation of gas with a total of nine species. This gives a significant advantage over other six species, two-step 
chemistry models as this model predicts a more realistic high temperature range within the gun. The use of an 
instantaneous chemistry model in this simulation rather than a finite rate chemistry model which gradually ignites 
the oxy-fiiel stream over a finite axial distance may, however, have some detrimental effects. These have been 
reported as the rapid release of heat near the nozzle and probable over-prediction of gas velocities within the gun.
2.7.4.1 Free jet formation dynamics of HVOF systems
Understanding the relationship between HVOF gas velocity and the powder particle velocity as they exit the gun is 
an important aspect in determining the influence of the kinetic energy of the powder on impact. The following 
section looks at the areas of investigation into the exhaust gas flow of HVOF systems.
Supersonic jet flow is a fundamental topic in compressible fluid dynamics. Highly under expanded gas jets have, in 
particular, received considerable attention in HVOF spraying systems, because the exhaust jets from the nozzle 
exhibit a number of free jet characteristics, including visible shock diamonds. The free jet structure depends on a 
number of parameters, such as the jet Mach number, jet to ambient pressure ratio, divergence angle of nozzle exit 
and jet to ambient specific heat ratio. An understanding of jet structure is important as it will aid the interpretation 
of some key issues regarding particle heating, acceleration and oxidation during the HVOF spraying process.
As the gas exhausts from the nozzle exit, it goes through an expansion fan to the ambient pressure at the jet 
boundary along which the pressure is constant. The expansion waves are reflected as compression waves at the jet 
boundary. These compression waves coalesce to form an incident shock wave. For slightly under expanded jets, the 
incident shock wave meets at the centreline of symmetry and is then reflected as an oblique shock wave. This is 
called a regular reflection. The oblique shock wave is reflected from the free jet boundary as an expansion wave. The 
process is repeated and produces the well-known visible diamonds in HVOF jets as shown in Figure 2.10. As the 
ratio of static pressure at the nozzle exit to the ambient pressure is high, the incident shock wave cannot be regularly 
reflected from the centreline. Instead, a normal shock wave referred to as a Mach disk is formed. This shock wave 
pattern is a Mach reflection, which is accompanied by a subsonic flow region behind the shock wave (Saad, 1993).
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2.7.4.2 General features of free gas jets
The Schlieren technique used in Figure 2.10 has been used as an effective tool to analyse the development of free 
gas jets. The Schlieren pictures taken depict all the essential flow field features of the free jet from a convergent- 
divergent conical nozzle. These features, such as the jet boundary, jet shock, expansion waves, Mach disk, reflected 
shock, the trend that the location of Mach disk moves closer to the nozzle exit plane and the length of the first shock 
cell, all decrease with decrease in the pressure ratio.
2.7.4.3 Je t flow radial distribution
Static pressure surveys on an axisymetric convergent HVOF nozzle along the jet centre line were obtained to 
describe the shock structure with the supersonic jet to analyse the velocity profile (Moustafa, 1993). The velocity 
profiles in Figure 2.11a and b show the structural features of a subsonic/sonic jet. Uniform velocity profiles appear 
throughout the core region. These correspond to the flat portions of the mean velocity profiles in the region close to 
the nozzle exit. As the jet decays further downstream, the flat portion has clearly vanished. The axial velocity 
decreases with increasing downstream distance while the spreading rate increases. Far down stream, the subsonic 
and sonic jets behave as incompressible jets and the fully developed behaviour is dominant.
The effects of the under-expansion are apparent in the total pressure profiles shown in Figure 2.1 lc. The shock wave 
is represented as a drop in the total pressure at the centre of the jet in the core region. Beyond the core region, the 
under-expanded jet exhibits subsonic jet behaviour and fully developed behaviour is clearly observed.
2.7.4.4 Turbulent mixing in HVOF plume
A better understanding of the mechanisms of coating oxidation has resulted from research focused on the gas 
dynamics of the HVOF process. In particular, flow visualisation experiments have shown that the HVOF jet mixes 
rapidly with the atmosphere (Hackett and Settles, 1995). The Schlieren technique is a key optical tool in the 
visualisation and measurement of compressible flows. Hackett implemented this technique in the flow field o f a 
Hobart-Tafa JP-5000 HVOF system. Images obtained by this technique are visualisation of the spatial gradient of 
gas density within the optical field of view. The experiments showed that the visible luminous portion of the HVOF 
plume belies the complexity of the hot axisymmetric turbulent jet that is formed when the products of combustion 
exit from the barrel. A potential core with an embedded shock-diamond structure is formed due to the under 
expanded nature of the jet as shown schematically in Figure 2.12a. The mixing region develops from the boundary 
layer that is formed on the inside barrel wall. Shear between the high-velocity jet and the low-velocity ambient 
atmosphere leads to turbulent flow as shown in Figure 2.12b. In addition to this velocity difference, the development 
of the mixing layer is further subject to the effect of a large density difference between the hot jet core and the 
comparatively cold ambient atmosphere.
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The eddies extend from the outer edge of the mixing layer toward the centreline of the jet. The term “large-scale” 
arises because these eddies are approximately the scale of the half-width of the mixing layer. In addition, turbulent 
mixing involves a broad range of smaller eddies.
The large-scale eddies in the mixing region of the HVOF jet causes it to grow through eutrainment of the 
surrounding atmosphere. The experimental measurements conducted by Hackett and Settles (1995) on the Tafa JP- 
5000 HVOF system indicate that, at 0.4 m distance from the HVOF barrel exit, the mass flow within the jet has 
increased by about a factor of 1 0 . Since the ambient atmosphere is comparatively cooler and at a much lower 
velocity, the overall effect is that the jet is cooled, spread and decelerated.
2.7.4.5 Coating oxidation control
An attractive feature of HVOF spraying is the fact that special chambers are not required, unlike vacuum plasma or 
low pressure plasma spraying. Spraying, however, in the ambient atmosphere leads to the formation o f oxides in a 
coating. The problem of coating oxidation is most serious for corrosion resistance and thermal barrier coatings of 
different types of material e.g. metallic alloys and Ni(Cr)-Cr3C2. In corrosion-resistant applications, low-oxide 
coatings have been found to offer improved performance (Tucker, 1998). Similarly, a mismatch in the coefficient of 
thermal expansion between metal and oxide components may lead to rapid degradation of a thermal barrier coating. 
Generally, oxide inclusions are undesirable features and the ability to control oxide content is thus important to 
produce coatings with improved performance characteristics.
There are several different regions shown schematically in Figure 2.12c within the HVOF spray process where 
oxidation of spray particles may occur. Region I covers the flight of the particle from its injection location within the 
nozzle up to the end of the visible plume (jet core). The end of the visible plume approximately indicates the point 
where mixing has reached the jet centreline, terminating the core region. Before the end of the jet core, the spray 
particles are only subject to oxidation by the free oxygen in the HVOF system, which is a product of combustion. 
The amount of this free oxygen can be estimated from calculations of equilibrium combustion chemistry, and can be 
minimized through careful selection of combustion parameters. Spray particle residence times in Region I are of the 
order of a millisecond and particle temperatures are relatively high.
Region II includes the free jet portion of the flow field, from the end of the jet core region to the impingement of the 
jet on the substrate. This region is dominated by the entrainment of the atmosphere into the jet. Oxidation of spray 
particles in Region II may take place during particle flight, since the environment surrounding the particles may 
contain nearly 20% oxygen. Particle residence times in this region are also in the millisecond range. Particle 
temperatures may be slightly lower than in Region I due to the cooling action from the entrained atmosphere.
Finally, Region III encompasses the splat of the particle upon the substrate while it is exposed to the boundary layer 
flow. The exposure time of a splat on the substrate is perhaps ten times longer than a typical particle flight time. The 
surface area of the splat that is exposed to the boundary layer depends upon the splat morphology, but a flattened
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cylindrical shape has only a slightly larger exposed area than a spherical spray particle. Initially, the splat 
temperature is high due to the transformation of its kinetic energy of motion into thermal energy. Splat cooling 
proceeds quickly, however, especially if  the substrate temperature is comparatively low.
2.7.5 Momentum transfer between gas and sprayed particles
In order to influence the benefits of the HVOF process it is important to understand the momentum transfer of 
energy from the exhaust gases of a HVOF system to the powder particles in-flight. This understanding will allow 
optimisation of the spray process to maximise the stored kinetic energy of the particles before impact resulting in 
denser coatings.
The acceleration of a solid particle injected into a moving gas stream results from the action of the following forces 
(Lewis and Gauvin, 1973):
•  Drag forces.
•  Forces due to pressure gradients.
•  Forces due to added mass.
•  External potential forces (gravitational, electrical etc.).
In some cases of thermal spraying only the drag forces count, thus the equation for particle motion has the form:
Where u is the gas velocity, v is particle velocity, dp is particle diameter, pp and pg are respectively the particle and 
gas densities and CD is the drag coefficient.
During flight the particle temperature Tp can reach a temperature up to its boiling point. Even then, the temperature 
of the flame Tgcan be much higher, especially in APS flames. Thus, there is a boundary layer around the particles 
and it is reasonable to assume that the gas properties GP in the boundary layer are averaged. Therefore, the dynamic 
viscosity as well as thermal conductivity in the boundary layer can be found from the following expression:
Cj}irdppg(ju -  v)
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The gain in momentum by all particles injected into the HVOF flame is equal to the loss of flame momentum. This 
load effect is of significant importance for greater powder feed rates and was investigated (Polak and Surov, 1969), 
(Vardella et a l, 1992), looking at the measurement of A120 3 particles velocity as a function of the powder feed rate. 
The results show that at a distance of 120 mm from the APS torch exit the average velocity drops from 270 ms' 1 to 
240 ms' 1 with an increase of 3 in the total feed rate to 33 gm'1. As in industrial practice the powder feed rates are far 
greater, the load effect must be taken into account while optimising the spray parameters.
Another phenomenon is the non-continuum effect relating to the size of the particles which becomes comparable 
with the mean free path in the flame. This effect is important for small particles in flames of low pressures leading 
to a reduction in heat, mass and momentum transfer from the HVOF flame to the particles (Joshi and Sivakumar, 
1993).
In some of the spray techniques, including HVOF, the temperature of the flame is only 3000-4000 K which is only 
slightly higher than the melting point of many refractories. The D-Gun ™ and HVOF processes, however, have 
higher particle velocity and a longer barrel enabling particles to be in longer contact with the flame. The particles 
reach a higher kinetic energy on impact with the substrate. This energy transforms under idealised assumption of 
adiabatic conditions into an increase of particle temperature on impact following the relationship defined by the 
equation:
1 2-mv =  mCpAT
Where m  is particle mass, v is velocity at impact, AT  is temperature increase at impact and cp is the coefficient of 
specific heat of the particle material. The effect of velocity on temperature, however, only starts to be significant 
from 400 ms'1. Such velocities are difficult to achieve in many of the processes. Currently, only the HVOF and D- 
Gun ™, which can achieve velocities of 900 ms'1, can increase the temperature on impact by as high as 900-1600 K. 
In any other spray technique, the molten state of the particle at impact arises from the effect of heat transfer from the 
flame during flight rather than that of momentum transfer. The higher velocities of sprayed particles are, however, 
necessary to achieve improved particle deformation at impact for denser coatings.
2.7.6 Phenomena at impact
The transformation of a molten particle into a lamella structured coating on striking the substrate or underlying 
coating is associated with the deformation and solidification processes. These processes run simultaneously once 
deformation has begun. Particle temperature on impact is important as its temperature decays over time and the 
cooling rate determines solidification into a specific crystal phase composition and size. The temperature difference 
between the coating and the substrate has a significant effect on coating adhesion.
On first contact with the substrate, the particle begins to deform from a sphere to a cylinder estimated at 10*10 -1 0 ' 
9s (Houben, 1988). Later, at the same time solidification begins to take place, it takes the form of a pancake. These
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processes were analysed by a number of people (Jones, 1971), (Trapaga and Szekely, 1991), (Yoshida et a l ,  1992) 
with Madejski (Madejski, 1976) being the most often cited work.
In the lamella with a pancake form it is easier to estimate the surface area A  rather than its diameter. Madejski’s 
aim was to find the parameter £ defined as,
Where dp is the particle diameter prior to impact. In general terms, it is describing the radial movement of the liquid 
cylinder and its solidification. A general assumption is made that the impacting particles deform prior to being 
solidified. Experiments carried out (Vardella et al., 1980), determined the splash of A120 3 on the substrate. The 
temperature and velocity of the particles when measured, found satisfactory convergence with values determined by 
Madejski.
In practice, the most important parameter arising from the literature is the lamella thickness, which can be 
determined by assuming the volume of the lamella is equal to that of the particle.
The thickness of A120 3 lamella sprayed using APS techniques can be estimated by particle velocity measurements. 
The liquid aluminium oxides density and viscosity are a function of the materials’ temperature. This thickness was 
shown experimentally (Zoltowki, 1968) for APS of aluminium oxide using powder of d50 = 50 pm to be equal to 
3 pm which continues to be supported reasonably well by present day findings. A further phenomenon called 
spreading to.9 is estimated at the time in which 90% of deformation is completed (Trapaga and Szekely, 1991).
In practice, the deformation of the lamella can lead to disintegration providing the kinetic energy released on impact 
is greater than the surface tension forces keeping the liquid together. A study (Houben, 1988) of the APS particles of 
large metallic dimensions identified two principle forms of splashed lamella: the flower and the pancake forms as 
shown in Figure 2 .13a and b.
The formation of the flower type lamella is mostly connected with an elevated velocity of the particle and elevated 
heat content. This formation is associated with the plasma spraying of lower melting point materials, such as metal 
alloys. The second type of splashing, the pancake is generally associated with moderate velocities with the heat 
content being obtained from the less energetic techniques, like flame spraying.
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2.7.7 Nucleation, solidification and crystal growth
Rapid solidification of the powder particles as they exit the combustion chamber and travel within the combustion 
products prior to impact on the substrate is an important effect, which influences the final properties of the coating. 
Solidification from the melt starts when the powder particles are cooled to a temperature just below their equilibrium 
liquidus. Solidification then proceeds at a rate which is governed by the rate heat can be removed from the particles 
into the surrounding atmosphere. In large structures like steel ingots (tonnes) or sand castings this may take a 
number of days and results in course heavily segregated structures. When solidification takes place in small 
structures in the order of millimetres or less, very high cooling rates of K p sec' 1 occurs by applying efficient heat 
extraction. The substantial departure from equilibrium can form new alloy phases and constitutions almost unknown 
in solidification at normal rates. These features are utilised for rapid solidification processing of metals by 
techniques such as splat quenching, melt spinning, high pressure inert gas atomisation and powder manufacture 
Osprey process for thermal spray powders. Present day interest can be traced back to 1960 (Duwez et a l, 1960) from 
work into continuous solid solubility in Cu-Ag and GaSb-Ge eutectic alloys. To achieve the necessary cooling rates, 
it was necessary to expel a small quantity of the molten alloy onto a moving quenching substrate. Using the gun 
technique, an inert gas atomises the melt into droplets ( < 1  pm) towards a copper strip substrate at 1 0 0  msec*1.
The solidification processes involved within these atomisation techniques (Jones, 1971) produces materials in 
various forms including spherical, near spherical, flake, flat ribbon or sheet. The processes involved are complex; 
however, data on high pressure gas atomisation make it possible to extrapolate empirical low pressure correlation 
between processing conditions and particle size. This is shown by Lubanska’s correlation between mass median 
particles diameter and melt stream given by the following equation;
Dmed 5  Odmelt((fimelt /  figas N we)  *  /  jgas ) )  (1 )
The Weber number NWe is given by:
N w e  =V pmelt d melt /  Ymelt (2 )
In equation (1) and (2)
d is the diameter of the particle
i | is the the kinematic viscosity of the gas
j is the mass flux of the gas
v is the transmission velocity of the gas
p is the density and y the surface area of the melt.
Predictions using the equation for different gases using various velocities suggest that a high initial gas velocity 
should promote the formation of finer particles with a resulting refined microstructure.
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During atomisation, an understanding of heat and fluid flow helps predict the resulting microstructure. Work 
(Clyne, et al., 1984) has showed that the atomisation process can be divided into several regimes, such as impact 
between the melt stream and the gas jets followed by the turbulent fluid flow, whereas the complex transient stage 
involves entrained droplets which disintegrate into spherical droplets. The final stage is the laminar flow where the 
individual droplets accelerate through a quasi-steady state regime with the majority of the heat transfer taking place 
through the atomising gas.
Experiments have shown (Pasandideh-Fard and Mostaghimi, 1996) that the mechanical properties of thermal 
sprayed coatings depend to a large extent on the details of the spray process parameters. In particular, they are 
strongly dependent on the effects of solidification and deformation of the droplets. These in turn are significantly 
affected by the substrate conditions, such as temperature and surface thermal contact resistance. This study 
investigates the energy equation for droplet substrate interaction.
After deformation of the liquid particle, the process of solidification begins. In typical conditions, the solidification 
process begins at the interface between the particle and the substrate. This interface forms the heat sink for the 
liquid. The nucleation is heterogeneous and the solidification front moves rapidly towards the top of the lamella at a 
rate of 50 ms' 1 (Sampath and Herman, 1989). The temperature of the residual liquid increases due to the liberation 
of the latent heat of fusion. In such conditions, the solidification results in a columnar structure (Figure 2.14a). 
Many observations, however, show a fine grained equiaxed microstructure referred by Sampath and Herman (1989) 
as a brick wall formation shown in Figure 2.14b. This was favoured by the lower rate of heat removal at the 
interface with the substrate or the previously deposited coating. This increase of thermal contact resistance can be 
related to the substrate oxidation and surface roughness. In this case, Sampath and Herman found that the 
nucleation could be homogeneous, with a large under-cooling as the difference between melting temperature and 
nucleation temperature, or heterogeneous with the nucleation centres being insoluble oxides. Work using the APS 
technique (Morreau et a l, 1992), suggested that the inclusion of entrapped air hampers the removal o f heat, making 
formation of an equiaxed microstructure more probable than columnar one.
Work (Sampath et al., 1996), investigating the relationship between the particle parameters on impact and the 
solidification of plasma sprayed yttria stabilised zirconia was carried out. A one dimensional heat flow model was 
used to predict the distribution of temperature in the splats, the position of the solid / liquid interface and the relative 
solidification and cooling rates.
Results indicated that the substrate temperature has a significant effect on the splat shape deposited by thermal 
spraying. Low temperature smooth substrates below 350 K exhibit distorted shapes with finger like perturbations 
while temperatures above 575 K, exhibit lenticular shapes with no noticeable evidence Of splashing during the 
flattening process. Reported work (Fukumoto et a l, 1998), confirmed that low temperature substrates seemed to be 
caused by rapid solidification of the splat and was related to the high surface tension of the sprayed material.
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A more recent study (Leger et a l, 1996) showed, however, that the role of preheating the substrate is important to 
ensure that the temperature of the liquid splat during spreading on the substrate surface remains above the hyper­
cooling temperature. This is a function of melting point, latent heat of melting and specific heat of the liquid. If the 
liquid in contact with the substrate is not cooled below this temperature, crystallisation is delayed until after the splat 
has spread out as a disk over a period of 1 ms. After formation of the splat disk, conduction and radiation losses 
decrease the temperature below the hyper-cooling point and nucleation occurs throughout its entire volume. 
Measurement of the average cooling rates obtained in this study for zirconia splats at different substrate 
temperatures support this theory. A cooling rate of 600 Kji sec' 1 was obtained on the substrate above 575 K while 
only 140 K p sec' 1 occurred on the substrate below 350 K.
According to the hyper-cooling theory, a 30 pm droplet striking the lower temperature substrate would start to 
freeze earlier and form a thicker 3-5 pm and smaller diameter disk with parts of the liquid splashing around the disk 
as shown in Figure 2.15a. The powder particle striking the substrate above the hyper-cooling temperature spreads 
evenly and forms a disk shape less than 2 pm thick as shown in Figure 2.15b. The much larger surface area and 
thinner disks result from the higher cooling rates. Examination (Leger et a l, 1996) of micrographs of the YSZ 
splats with the higher temperature substrates show a more homogeneous structure consisting of finer grains with a 
mean size of 120 nm. In comparison, the lower temperature substrates exhibit more non-homogenous grains at 150 
nm grain size.
The rapid solidification of zirconia containing 8  wt.% Y20 3 solidifies at 2970 K and crystallizes in the cubic phase 
at 2420 K. At this temperature, the formation of a tetragonal t  phase takes place with some content of the cubic 
phase. Finally, at about 800 K the martensitic transformation should form a monoclinic phase. Instead, this 
transformation does not occur and the coating with this composition contains a non-transformation / ’ phase. This 
formation is explained (McPherson, 1989) by the reduction of martensitic transformation temperature to below room 
temperature, due to the small crystal sizes in the lamellae shown in the phase diagram of yttria -  zirconia in Figure
2.16.
2.7.8 Critical parameters for HVOF spraying
There are many HVOF parameters that play an important role in the characterisation of coatings. From practical 
experience, however, it is known that there are some parameters that have limited impact on the properties of the 
spray coatings and therefore do not require greater attention. The types of variables which play little or no part 
include the type of carrier gas (argon, helium or nitrogen), the surface roughness of the component, the surface 
speed of the component and the fuel and oxygen gas purity. There are a number of parameters that play an 
important role but due to the main emphasis of the project, they were fixed and not changed throughout the work. 
This group of variable parameters that would have a significant influence on the coating’s quality but which were 
not investigated include the fuel gas type and the size of the combustion chamber. The combustion chamber for 
example, was selected as it gave the highest combustion temperatures recommended by the equipment manufactures 
when using the higher melting point materials, which was the main emphasis of the project. This group of
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parameters also included the supply pressure of the oxygen and fuel gas, as acetylene is restricted to a maximum 
operating pressure and the oxygen pressure is determined by the calibrated values of the flow tubes used.
The decision was taken in line with the scope of this project to focus on the two variables that are considered to be 
the most critical with respect to coating quality. These being, the kinetic and the thermal energy transferred to the 
powder particles. Previous reports (Paton Welding Institute) stated that the higher the energy stored by the powder 
particles during spraying, the better the quality of the coatings obtained. The work carried out by the Paton Welding 
Institute, USA, is based on extensive studies of plasma spraying but the principles behind the work are equally 
relevant to high velocity oxygen fuel spraying using acetylene.
In plasma spray systems where the temperatures operate above 10,000 K, it is assumed that the coating is formed 
from melted particles overheated to their evaporation temperature and that the thermal energy has reached its 
maximum value and remains constant. Further increase of energy of the particles can be achieved only by the 
increase of their kinetic energy. Thus, after the maximum thermal energy is reached, the maximum energy content 
can only be increased by increasing the velocity of the particle.
The principle objective when using acetylene and the HVOF process is to maximise the heat input into the powder 
particles in-flight in a system where the maximum thermal energy has not been reached by the powder. The longer 
the powder particles can remain in the combustion zone and the flame, the greater the transfer of heat into the 
powder. The objective will be achieved by understanding the energy transfer mechanisms between the flame and the 
powder.
The critical parameters in achieving maximum softening are the stand-off distance between the component surface 
and the gun. This has an effect of increasing the particle velocity through momentum transfer from the gas to the 
powder, or through the influence of external forces that decrease the particles’ velocity. The other important 
parameter is the increase in the combustion properties from the variation in the oxygen to fuel ratio. This affects the 
heat transfer efficiency from the flame to the powder particle and the degree of melting. The rate at which the 
powder absorbs the heat energy is a function of the powder characteristic, i.e. its size, density and morphology. All 
these factor determine the degree of softening and ultimately, the coating properties of the TBC.
2.8 HVOF spraying of ceramics
A ceramic coating applied to buckets and nozzles parts of large steam turbines by high velocity oxygen fuel spraying 
is said to be three times more resistant to solid particle erosion compared to vacuum plasma coatings (Mousaw, 
1993). This report is one of the first commercial examples of the benefits and uses of HVOF sprayed ceramics over 
conventional coating techniques. The improved performance of the coating increased maintenance intervals by five 
years. The coating was developed in response to an estimated $150 million cost for the industry due to solid particle 
erosion.
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Only a few of the high velocity oxygen fuel systems are capable of using acetylene as the fuel gas. Acetylene is 
incompatible with copper forming copper acetylene which is explosive on impact. Most of the conventional guns 
have copper combustion chambers and gas mixing blocks which could come into contact with acetylene. The 
HV2000 combustion gun manufactured by Praxair Surface Technology, however, has an acetylene compatible brass 
(only contains 67% copper) mixing block, and a copper combustion chamber open to atmosphere which is only 
exposed to the exhaust products of combusted acetylene and oxygen. The HV2000 equipment also has the capability 
to be modified to spray acetylene by using extended combustion chambers and nozzles, thereby allowing longer 
exposure and dwell time of the powder material in the flame.
In using acetylene, the HV2000 system allows the opportunity to spray some of the higher melting point material, 
such as ceramics. Work (Cole, 1996), shows that the HV2000 system can effectively spray chromium oxide and 
aluminium oxide using acetylene with limited changes to the conventional equipment and only requires the use of a 
finer powder specification. Results indicate that significant improvements in hardness can be achieved over APS 
systems but with a significant reduction in the deposition efficiency. Later work (Schwetzke and Kreye, 1996) also 
shows that these benefits using acetylene can also be achieved with ethylene (C3H4) a double bonded hydrocarbon 
that is comparable to APS coatings of ceramic alumni for dielectric applications. This work highlights the fact that 
HVOF systems when operated with high-energy hydrocarbon can approach the softening temperature necessaiy for 
ceramic powders currently sprayed by only by APS processing.
HVOF spray experiments were carried out using the Top Gun ™ and Diamond Jet 2700 ™ gun systems to spray 
aluminium oxide with a number of commercial fuel gases (Kreye et al., 1996). The results show that the deposition 
efficiency of the Top Gun ™ system increased when using hydrogen, propane, ethylene and acetylene respectively. 
Acetylene has the highest deposition efficiency values at 70%, however, special nozzles were used to increase heat 
transfer sufficiently to melt the A120 3 particles. Investigation of the hardness and density compared to plasma 
spraying A120 3 show higher values due the greater impact velocities.
A further area of investigation for HVOF spraying of ceramics is the use of nozzle attachments to existing systems. 
Work on a new nozzle (Dolatabadi et al., 2003) provided a superior particle spatial distribution of the oxide powders 
as well as a higher and more uniform particle velocity and temperature. The work investigated the coating of 
aluminium oxide using propylene as the fuel gas and a diverging -  converging nozzle attached to a DJ2700 gun. 
The results show an increase in particle velocity of up to 30% and a more uniform temperature profile which is a 
major factor in permitting deposition of high melting point materials. This work went on to investigate the effect of 
particle loading, allowing increased deposition efficiency approaching those necessaiy for commercialisation of 
HVOF spraying of ceramics.
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2.9 Applications for thermal barrier coatings
Ceramic materials, such as aluminium oxide and zirconium oxide, are used as thermal barriers to reduce heat input 
into a lower melting point material, such as the super alloy turbine blades. They are used in several industries to 
improve thermal efficiency, becoming increasingly important in gas turbine and diesel markets. The zirconia 
consumption at Volvo Aero Corporation serves as a good example to this rapid growth (Wigren and Pejryd, 1998), 
from just 1000 kg per year in 1985 to the current consumption of 8700 kg in 1997. The benefits of TBCs in these 
industries are:
•  Increased lifetime of the part.
•  Increased engine efficiency.
• Increased combustion temperatures.
• Decrease of cooling air.
•  Reduced transient stresses within the parts.
2.9.1 Aerospace turbine combustion engine coatings
Today’s applications in aeroengines represent the greatest part of the market for thermal spray coatings, 
approaching 30-40% including consumables and hardware (Longo, 1992). Thermal sprayed coatings are applied to 
many of the following parts o f aeroengines; fan-blade clappers, stator blades and flame tube locations all have wear 
resistant coatings applied. Both HVOF and D-Gun ™ coatings are typically applied to withstand resistance to 
particulate erosion at about 850 K using WC-Co coatings (Meetham, 1985).
The temperature of gas inside engine combustors exceeds 1640 K. The components within the engine combustor are 
made of super alloys with melting points ranging between 1500-1590 K (Manning Meier et al., 1991). Without 
protection from thermal barrier coatings the alloys would show structural failure well before these temperatures are 
reached. The two layer TBC proposed (Stecura, 1978), is now specified for the platform turbine stator blades in 
RB211 and subsequent Trent 700 series engines. TBCs are also applied to the first stage vane platforms in high 
pressure turbines of the JT9D-70/59 turbofan aeroengines of Pratt and Whitney aircraft (Sumner and Ruckle, 1980).
Abradable coatings are used to ensure that the engine’s working gases, such as the air in the compressor and the fuel 
combustion products in the turbine, flow over the blades and not between the blades and the casing liner. This is 
achieved by coating the casing liner with an abradable coating and the tip with an abrasive coating. The coatings 
adapt to its partner and form an optimal seal. In compressors, typical abradable coatings include composite 
aluminium silicon polyesters applied by APS (Thiemann and Malik, 1980). Other higher temperature abradables 
reported (Novinski et a l, 1982), are Al with Zr02 + 24wt.% MgO sprayed using a flame spray process. The coatings 
were reported to have unique properties of abradability, particle erosion and thermal shock resistance.
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Turbine vanes and turbine blades use oxidation and corrosion resistant coatings of dense Ni MCrAlYs deposited by 
the VPS technique. The coatings are typically heat treated after spraying to approximately 1300 K for 4 hours in 
order to better consolidate the material and improve the corrosion resistance (Nguyentat et a l, 1992).
The main function of aeroplane propulsion is to provide a force to overcome aircraft drag, which is called thrust. 
Both propeller driven aircraft and jet engines derive their thrust from accelerating a stream of air, with the main 
difference between the two being the amount of air accelerated. A propeller accelerates a large volume of air by a 
small amount, whereas a jet engine accelerates a small volume of air by a large amount. Given that thrust is 
proportional to the airflow rate and that engines must be designed to give large thrust per unit engine size, it follows 
that the jet engine designer will generally attempt to maximise the airflow per unit size of the engine. This means 
maximising both the speed at which air can enter the engine, and the proportion of inlet air that can be devoted to 
airflow.
The gas turbine engine is essentially a heat engine using air as a working fluid to provide thrust. To achieve this, the 
air passing through the engine has to be accelerated. This means that the velocity or kinetic energy o f the air must 
be increased. First, the pressure energy is raised, followed by the addition of heat energy, before final conversion 
back to kinetic energy in the form of a high velocity jet. A principle which is very similar to HVOF, the difference 
being that air is replaced as the working fluid with an acetylene and oxygen mixture. The heat energy in this case is 
from combustion. Conversion back into kinetic energy occurs when the exhaust gases exit the nozzle.
2.9.2 The operation cycle of a gas turbine
An understanding of the operation cycle of a gas turbine is important in this development work as the gas turbine is 
the primary application for the HVOF thermal barrier coatings. The turbine blades located in the high temperature 
section of the gas turbine benefit from the thermal barrier protection permitting higher operating temperature and 
increased fuel efficiency. The basic mechanical arrangement of a gas turbine is relatively simple as shown in Figure
2.17. Whilst the turbine consists of only four parts, three of these can be compared to many of the components of a 
HVOF system.
•  The compressor is used to increase the pressure (and temperature) of the inlet air. The air performs a similar 
function to compressed exhaust gases in fuel and oxygen cylinders.
• One or a number of combustion chambers in which fuel is injected into the high-pressure air as a fine spray. 
The fuel is burned and heats the air. The pressure remains (nearly) constant during combustion, but as the 
temperature rises, the hot air needs to occupy a larger volume than it did when cold and therefore expands 
through the turbine. This process functions similar to the combustion chamber within a HVOF gun.
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• The turbine converts some of the temperature rise into rotational energy. This energy is used to drive the 
compressor.
• A nozzle accelerates air which has been introduced into the combustor, producing energy in the form of a high 
velocity jet exhaust. In comparison, the converging nozzle arrangement of the HVOF system also accelerates the 
exhaust gases to produce a high velocity powder gas jet.
These generalisations, however, can also extend to the detailed design of the engine’s components, where account 
has to be taken of the high operating temperatures of the combustion chambers and turbine, hence the requirements 
for thermal barrier protection. This feature is also seen in the HVOF process which requires water cooling of the 
copper chamber and nozzle to prevent overheating of the gun components. The effect of varying flows across the 
compressor and turbine blades highlights the need for a gas tight fit between casing and blades. The use of thermal 
spray abradable coatings is similar in design to the use of rubber O rings which create a water-tight fit between parts 
of the exhaust system through which the gas and powder are ejected. Thermal barrier coatings are being used in an 
attempt to reduce erosion within the engine from fuel and engine debris to maintain running efficiency. This 
problem is also experienced in the HVOF system as the chamber and nozzles wear, due to gas and powder erosion 
on the surface walls, which reduce the efficiency of the coating process. At present, this problem is only resolved by 
replacing the worn part at regular intervals. In turbine engine technology this needs to be avoided where possible 
due to the cost of frequent service intervals, hence the need to improve thermal barrier erosion resistance.
2.9.2.1 The compressor
In a gas turbine engine, compression of air is effected by one of two basic types of compressor, one giving 
centrifugal flow and the other axial flow. Both types are driven by the engine turbine and are usually coupled 
directly to the turbine shaft. The centrifugal flow compressor employs an impeller to accelerate the air and a diffuser 
to produce the required pressure rise. Air exits a centrifugal compressor radially (at 90° to the flight direction) and it 
must therefore be redirected back towards the combustion chamber, resulting in a drop in efficiency. The axial flow  
compressor employs alternate rows of rotating rotor blades to accelerate the air, and stationary stator vanes to diffuse 
the air, until the required pressure rise is obtained. The engine temperature in the compressor is sufficiently low and 
as such, does not require thermal barrier protection. To improve the engine air flow, however, the rotor blades in the 
compressor need to fit as closely as possible to the engine casing. This avoids loss o f air around the outsides of the 
blades. This tight fit is achieved by the use of an abradable coating on the inner surface of the casing using a soft 
aluminium/polyester composite. On running the rotator blades for the first time, the blades cut through the soft 
coating creating a near perfect fit. The coating also allows for any further thermal expansion of the engine blades 
during engine operation by reducing further the clearance between the blades and compressor casing.
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2.9.2.2 Combustion chamber or combustor
The combustion chamber undertakes the complex task of burning both large quantities of fuel supplied through fuel 
spray nozzles and extensive volumes of air supplied by the compressor. The heat generated expands the air and 
accelerates it to give a smooth stream of uniformly heated gas. To achieve this, the task must be accomplished with 
the minimum loss in pressure, and with the maximum heat release within the limited space available. The amount 
of fuel added to the air will depend upon the temperature rise required. The maximum temperature is, however, 
limited to within the range of 1020-1970 K, by the materials and coatings from which the turbine blades and 
nozzles are made. The air has already been heated up to between 470-820 K by the work done in the compressor, 
permitting a further temperature rise of 550-1150 K from the combustion process. Since the gas temperature 
determines the engine thrust, the combustion chamber must be capable of maintaining stable and efficient 
combustion over a wide range of engine operating conditions. The temperature of the gas after combustion is about 
2070-2270 K which is far too hot for entry to the nozzle guide vanes of the turbine. The air not used for combustion, 
which amounts to about 60% of the total airflow, is therefore introduced progressively into the flame tube. 
Approximately one third of this air is used to lower the temperature inside the combustor, the remainder being used 
to cool the walls of the flame tube. Cooling technology has reached a stage where no further significant progress is 
possible. This is due to the finite capacity of air that can be drawn into aero compressor engines. The thermal barrier 
ceramic coatings, such as aluminium oxide, are also being used to protect the walls of the combustor cans, thereby 
allowing higher engine temperatures from more fuel efficient ratios to be generated.
There are three main types of combustion chamber in use in gas turbine engines. These are the multiple combustion 
chamber, the can-annular chamber and the annular chamber.
The multiple combustion chamber is used in centrifugal compressor engines and in the earlier types of axial flow  
compressor engines. It is a direct development from the early type of Whittle engine combustion chamber. Chambers 
are disposed radially around the engine and compressor delivery air is directed by ducts into the individual 
chambers. Each chamber has an inner flame tube around which there is an air casing. The separate flame tubes are 
all interconnected. This allows each tube to operate at the same pressure and also allows combustion to propagate 
around the flame tubes when the engine is started.
The annular type of combustion chamber consists of a single flame tube, completely annular in form, which is 
contained in an inner and outer casing. The main advantage of the annular combustion chamber is that for the same 
power output as the can annular system, the length of the chamber need only be 75% of a can-annular system of the 
same diameter. This results in considerable savings in both weight and cost. Another advantage is the elimination of 
combustion propagation problems from chamber to chamber.
The can-annular type of combustion chamber bridges the evolutionaiy gap between the multiple and the basic 
annular types of combustion chambers. Several flame tubes are fitted inside a common air casing. The airflow is
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similar to that already described in the multiple combustion system. This arrangement combines the ease of overhaul 
and testing of the multiple system with the compactness of the annular system.
2.9.2.3 Turbine
The turbine section shown in Figure 2.17 has the task of providing power to drive the compressor and accessories. It 
does this by extracting energy from the hot gases released from the combustion system and expanding them to a 
lower pressure and temperature. The continuous flow of gas to which the turbine is exposed, may enter the turbine at 
a temperature between 1020-1970 K, which is far above the melting point of current materials specifications. To 
produce the driving torque, the turbine may be made up of several stages, each stage employing one row of 
stationary guide vanes, and one row of moving blades. The number of stages depends on the relationship between 
the power required from the gas flow, the rotational speed at which it must be produced, and the diameter of turbine. 
The design of both the nozzle guide vanes and turbine blade passages are broadly based on aerodynamic 
considerations. To obtain optimum efficiency and compatibility with the compressor and combustor designs, the 
nozzle guide vanes and turbine blades are of a basic aerofoil shape.
The ongoing demand within the industry to produce increased engine efficiency required a high turbine inlet 
temperature. This, however, causes problems as the turbine blades are required to perform and survive over long 
operating periods at temperatures above their melting point. These blades, while glowing red-hot, must be strong 
enough to carry the centrifugal loads due to rotation at high speed. To operate under these high temperature 
conditions along side thermal barrier coatings, cool air is forced through many small holes in the turbine blades. 
This air remains close to the blade due to the configuration of the holes, preventing the blade from melting, but not 
detracting significantly from the engine's overall performance. Nickel based super alloys demonstrate excellent 
properties at elevated temperatures and have been used and are being developed further, to improve the efficiency of 
turbine blades and the nozzle guide vanes. 1
Over the past 20 years improvements in turbine material has allowed an increase in turbine engine operating 
temperatures of 470-570 K resulting in new maximum operating temperatures of 1370 K. Developments from basic 
wrought to conventional casting alloys and then the introduction of directionally solidified and single ciystal blades 
have increased the operating temperature year on year. This technology has virtually reached its limits, both in 
turbine blade base material development and air cooling efficiency. In order to achieve further operating temperature 
improvements, the industry began to look at thermal barrier ceramic layers and coatings and their limited ability to 
withstand exposure to high levels of engine and fuel debris, that undermine the properties of existing thermal barrier 
coating systems.
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2.9.2.4 Nozzle
Gas turbine engines for aircraft have an exhaust system that passes the turbine discharge gases into the atmosphere 
at a velocity in the required direction, to provide the necessary thrust. The design of the exhaust system therefore, 
exerts a considerable influence on the performance o f the engine. The cross sectional areas o f the jet pipe or outlet 
nozzle affect turbine entry temperature, the mass flow rate, and the velocity and pressure of the exhaust jet.
A function of a basic exhaust system is to provide a sufficient outlet area to prevent heat conducting to the rest of the 
aircraft The use of thrust reverse (to help reduce speed on landing), a noise suppresser (to quieten the noisy exhaust 
jet), or a variable area outlet (to improve the efficiency o f the engine over a wider range o f operating conditions), 
results in a more complex exhaust system. It is this outlet exhaust area that is also exposed to the highest level of 
particulate erosion from engine and atmospheric debris. To enable the outlet exhaust area to withstand these high 
levels of particulate erosion and atmospheric debris, two plasma sprayed coatings have been developed (Quentmeyer 
e ta l ,  1985).
2.9.3 Aircraft Propulsion
The greatest impact on the gas turbine engine has been in the development area of aircraft propulsion. The first, and 
possibly the most important landmark in this field, was the first trial carried out by Whittle in 1937. Whittle’s concept 
suggested that a turbine is designed to produce just sufficient power to drive the compressor. The exhaust gas is then 
expanded to atmospheric pressure in a propelling nozzle to produce a high velocity jet The Rolls Royce Olympus jet engine 
is of historical importance as the first two spooled engine in production. Similar versions of jet engines were used in the 
Vulcan Bomber and an advanced derivative was used to power the supersonic aircraft, Concorde. When the engine entered 
airline service in 1953 it produced a power output of around 800 kW, by 1971 the engine designers had increased its power 
output to over 2500 kW.
2.9.4 Development of thermal barrier coatings in aerospace turbine engines
The drive for increased aircraft engine thrust and fuel efficiency has required continual increases in hot section 
temperature. This has necessitated the use of thermal barrier coatings on components for advanced engines. As 
mentioned previously, there are two types of thermal barrier coating processes developed for aircraft and land based 
engine use, the plasma spray process and the electron beam-physical vapour deposition (EB-PVD) process. In the 
late 1980s, plasma thermal barrier coatings were first introduced to stationary nozzle components in the turbine 
(Rhys-Jones, 1990). Due to higher operating temperatures, the use of low-pressure plasma sprayed Metal CrAlY 
bond coatings were introduced to further improve high temperature oxidation protection and longer service life. 
During this period, the electron beam-physical vapour deposition process was developing to a point where 
production of turbines and vanes became practical. An important consideration for designers and materials
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application engineers is the ability of the coatings to meet the required performance standards at an acceptable 
manufacturing cost.
Applications of plasma sprayed thermal barrier coatings are generally less expensive than electron beam-physical 
vapour deposition coatings due, in large part, to the lower capital costs of the equipment. Considerations, however, 
such as the ability to spray large numbers of small parts simultaneously using the EB-PVD process can reduce this 
imbalance between the cost of the two processes. High velocity oxygen fuel systems have the potential to produce 
thermal barrier coatings at costs comparable with the plasma spray process, but also with significant potential 
reduction in initial capital cost, and a decrease in ongoing consumable running costs, such as gas and use of 
specialised powders.
There are, however, other issues which determine which process is best for a given engine part. Comparative work 
(Nelson and Orenstein, 1995) showed that the electron beam-physical vapour deposition process produces thermal 
barrier coatings (TBCs) that have longer lives in both burner and engine tests. An important aspect of EB-PVD over 
plasma sprayed coatings is the “as sprayed” surface finish. EB-PVD TBCs have a higher degree of surface 
smoothness than the much rougher plasma sprayed coatings. When optimising cooling and fuel efficiency, the 
surface roughness on stage one aerofoil blades, which experience high pressures and gas velocities, is a very 
important consideration. Further experimental work (Rigney et a l, 1997), graphically shows the effect of surface 
roughness on the relative efficiency loss of specific components sprayed using both plasma and EB-PVD processes. 
It is anticipated that the increased particle speed that will be generated using the HVOF process should give a 
reduction in the surface roughness compared to plasma spray coatings and possibly approach those achieved by the 
EB-PVD process.
A further problem with the plasma spray process is the build up of, and blocking of, molten plasma particles in the 
cooling holes, which reduces the cooling efficiency of the air and ultimately increases the operating temperature of 
the component. Several approaches have been attempted with the aim of resolving this problem. These have 
included, drilling the holes after coating, filling the holes before the coating process, and over sizing the holes. None 
have proved universally acceptable as they have proved to be expensive and have not fully resolved the problem. Due 
to the atomistic nature of the EB-PVD process it results in a smoothly tapered coating at the entrance to the holes, 
allowing cooling air to flow efficiently. A significant difference between aircraft turbine engines and other 
applications, such as power generation turbine equipment, is the component size, which could impact on the coating 
process capabilities. The plasma spray process has an important advantage in being able to spray the larger-sized 
components found in modem large power generation machines. The larger nozzles in the power generation 
machines, especially those with multiple aerofoil configurations, could not be accommodated in modem EB-PVD 
coaters. Plasma spray processing with turbine parts on turntables and robotic gun manipulation can more readily 
coat the large parts. The benefits of plasma spray over the EB-PVD process can also apply to HVOF. HVOF has the 
added advantage of improved deposit rate which has an even greater benefit on the larger sprayed surfaces.
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One method of reducing the temperature increases at the beginning of plasma spraying of turbine blades is to utilize 
the cooling holes of the blade during the deposit o f the ceramic coating. Work has shown (Gosack et a l, 1992), that 
by reducing the residual stresses at the interface between the bond coat and the top coat using internal cooling, a 
regular temperature can be maintained over the whole component, creating favourable residual stress profiles. The 
results show that after hot burner rig tests, the use of internal cooling increased the number of thermal cycles 
possible at the trailing edge and leading edge of the blade, increasing the service life of TBCs and introducing their 
first use on aerofoil turbine vanes.
The current era of aerospace thermal barrier coatings began in the mid-1970s with the development by the NASA 
Lewis Research Centre of a two layer TBC using atmospheric pressure plasma sprayed Z1O2-Y2O3 over a plasma 
sprayed NiCrAlY bond coat on J-75 turbine blades (Liebert, 1976). The use of plasma sprayed TBCs was extended 
to high pressure turbine nozzles (HPTN) in the late 1980s through the use of low pressure plasma sprayed bond 
coats, which gave greater oxidation resistance than atmospheric plasma sprayed bond coats (Wortman et a l, 1985). 
One area of gas technology that was investigated for the plasma spraying of thermal barrier coatings was the use of 
multi-gas mixtures on the production of high pressure plasma spray coatings (Dhers et a l, 2001). The properties of 
plasma sprayed TBCs are strongly influenced by the temperature and velocity of the particles. These properties are 
influenced by the composition of the plasma gas and affect the energy transfer conditions of both the gas 
temperature and particle velocity. Plasma gases are conventionally argon -  hydrogen mixtures which allow good 
heat transfer and high enthalpy.
Electron beam physical vapour deposition zirconia -  yttria coating for aerospace thermal barrier applications were 
first developed by Pratt and Whitney in the late 1970s (Strangman, 1977). Other early players were Airco Temescal 
(Demaray et a l, 1981), and Chromalloy (Shankar, 1977). The results from the thermal cycle burner rig indicated 
that the EB-PVD coatings were far better than the early dense coatings using fully stabilised zirconia (Sumner and 
Ruckle, 1980). By the early 1980s the performance of the best EB-PVD zirconia yttria coatings exceeded modem 
partially stabilized zirconia coatings. These early EB-PVD coatings suffered, however, from indifferent 
reproducibility which was attributed to small variations in the process parameters, which caused coating 
microstructure defects. These, however, had been overcome by the mid 1980s and engine tests had indicated that 
this type of coating was well suited for aerofoil protection in subsonic engines. As part of the development effort to 
produce improved TBCs using EB-PVC coaters, a system was purchased by GEAE in 1989 with a full production 
chamber. The system consisted of a 200kW evaporator that could coat 10 1st stage HPT blades simultaneously.
A development and advance with EB-PVD has been the replacement of Zr02 -  20Y2O3 with Zr02 -  6-8Y20 3> with 
earlier work tending to be limited to EB-PVD MCrAlX bond coats. It is now recognised, however, that low pressure 
plasma sprayed bond coats or aluminide coatings are suitable. The columnar microstructure characteristics of EB- 
PVD coatings impart excellent strain tolerance to the material. As a result EB-PVD coatings are now favoured for 
more demanding applications that involve frequent thermal cycling. Other benefits of the coatings include good 
adherence to smooth surfaces, a relatively smooth surface finish and the coating’s ability not to restrict fine cooling 
holes when deposited.
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One advantage o f the EB-PVD thermal barrier coating is the smooth surface finish that is generated on the 
component. The EB-PVD TBC surface as deposited produces a Ra 1.0-1.5 pm finish and can be further reduced to 
Ra 0.5-0.75 pm at the tips of the columns on surface treatment (Maricocchi et a l, 1997).
Spallation is a major concern of EB-PVD thermal barrier coatings. This is the loss of coating due to chipping or 
other environmental factors, such as the mismatch of thermal expansion coefficients between the YSZ ceramic and 
the metal substrate. Measurements of room temperature residual stresses are less than 69 MPa in the electron beam 
EB-PVD YSZ. Predicted compressive stresses due to the coefficient of thermal expansion mismatch with the 
substrate, however, are around 2067-2756 MPa. As a result, during thermal exposure at elevated temperatures, 
compressive loads produce buckling at the coating substrate interface and subsequent spallation.
Tests carried out on stage 1 high pressure turbine blade (HPTB) (Maricocchi et a l, 1997) TBC deposited by EB- 
PVD was conducted for 1820 endurance engine cycles, where one o f these cycles simulates the takeoff, climb, cruise 
and thrust reverse. The results found no spallation on the concaved and convex aerofoil regions, but did find damage 
at the leading edge from engine debris coming through the turbine and impacting at the ceramic surface, cracking 
the columns propagating to the interface, and eventually spalling the ceramic. Tests on the EB-PVD TBCs were also 
performed on the high pressure turbine nozzle (HPTN) region of a high bypass engine. Here, endurance cycles of 
around 750 operations were conducted. The TBC remained intact with no spallation and with only minor chipping 
at the trailing edge. A similar test on HPTN with no TBC, showed massive thermal fatigue cracks on the suction 
side of the nozzle which extended though the wall of the base alloy.
2.10 Development of land based gas turbine engines
In order to understand the reasons for using thermal barrier coatings on land based gas turbine (LBGT) component parts, it 
is important to outline the basic principles and workings of LBGT theory. The production of mechanical power by the use 
of turbine engines is recognised in the industry as one of the most satisfactory and successful of all the energy producing 
systems. In most practical machines, the gas turbine is a heat engine operating on a constant pressure thermodynamic cycle 
and using air as the working medium. The air is compressed, heated and then allowed to expand. The principles of gas 
thermodynamics and the Carnot Cycle, (the most efficient heat engine cycle), show that for a given pressure ratio, more 
work energy can be taken from a gas at a higher temperature level than at a lower value. This means that in a gas turbine, 
more work can be extracted during the expansion stage of the cycle than is absorbed or input during the compressed and 
heated stage. Once the various system inefficiencies have been overcome, the excess useful work can be used in the form of 
power output
The inherent advantages of the land based turbine were first realised using water as the working medium, and hydro 
electric power is still a significant contributor to the world’s energy sources (Parks et a l, 1997). Around the turn of the 
twentieth century the steam turbine began its successful development with the production of high pressure, high 
temperature steam being used to drive the turbine. It soon became apparent that the installation of bulky and expensive
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steam generating equipment, such as boilers or nuclear reactors, produced hot gases that were merely used indirectly to 
produce the intermediate gas, namely steam It became obvious that by eliminating the steam step and only using the hot 
gases themselves to drive the turbine, this would result in an important saving in turbine efficiencies. Important 
developments began before the Second World War on the gas turbine with shaft power in mind, but it was the use of the 
turbojet for aircraft propulsion that generated the most attentioa It was not until the mid-fifties that the gas turbine began to 
compete successfully in other fields, such as LBGT.
The first step in the cycle of a gas turbine plant is the compression of the incoming working air. If after compression, the 
working air was allowed to expand directly into the turbine and there were no losses in either component, ( 1 0 0  % 
efficiency), then the power developed by the turbine would just equal that absorbed by the compressor. When coupled 
together they would do no more than turn around. The pressure of the working air drawn into the compressor rises 
adiabatically resulting in an increase of temperature. If the addition of energy were used to raise the temperature of the 
working air still further prior to expansion, then the power developed by the turbine could be increased. Combustion of fuel 
in the air, which has been compressed, is a suitable means of producing a greater power output from a gas turbine, 
providing a useful energy output in addition to the power necessary to drive the compressor. The maximum cycle 
temperature attained after combustion is commonly known as T(max) and refers to the condition of the gas at the turbine inlet 
point immediately before expansion. During fuel combustion, the flame temperature can be many times the turbine inlet 
temperature T(max>) but, due to the cool compressor air these hot products are diluted before being allowed to reach the 
turbine.
In practice, losses occur in the compressor and the turbine. This increases the wasted energy absorbed by the compressor 
and decreases the useful power output of the turbine. To overcome these losses, fuel must be added before a compressor can 
drive the turbine to produce useful power. This is, however, limited to the rate at which fuel can be supplied, which in turn 
limits the net power output There is a maximum fuel air ratio that may be used and which is governed by the working 
temperature of the components o f the system.
The efficiency of gas turbine cycles depend upon a number of factors (Nelson and Orenstein, 1997). First the pressure ratio 
of the compressor, which is the difference in gas pressure from atmospheric pressure on entry to the compressor, and the 
compressed gas pressure achieved within the compressor. A second factor is the turbine working temperature T(rnax), the 
higher this is, the greater will be the performance of the turbine. It is this second factor which brings into play the final 
influence of turbine performance and the one that has benefited from the considerable amount of research that has been 
carried out into thermal barrier coatings. In order for the compressor to operate at its maximum temperature, its design and 
the materials used for the turbine components have to function at the elevated temperature.
The development of turbine technology has gone hand in hand with the developments and use of new high temperature 
materials. These include the use of nickel based super-alloys, high temperature titanium alloys, the use of single crystal 
growth components, ceramic components and finally the use of ceramic coatings as thermal barriers. All these 
developments have resulted in gas turbine systems operating at temperatures in excess of 1470 K, and having cycle 
efficiency levels of 49%. These developments have had a positive effect on the economics of the gas turbine industry.
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2.10.1 The role of materials in land based gas turbine engineering
The drive for increased engine power output and fuel efficiency has resulted in a continual increase in the temperature of 
hot sections. The development of turbine technology has gone hand in hand with the development and use of materials in 
elevated temperature applications. Over the past 20 years, several generations of super-alloys have been developed to make 
these increases in turbine inlet temperatures possible. The parts exposed to the hot gas areas are subjected to a number of 
forces including corrosion, thermal fatigue, creep and erosion. The suitability of an alloy to withstand heavy-duty operation 
at high temperatures is often determined by the temperature dependent effects of creep rate and creep strength.
2.10.2 General use of coatings in land based gas turbine engines
Industrial gas turbines are used in a wide range of applications primarily for power generation. They run on fuels 
such as natural gas, bio-fuels, distillates and light crude oils. The location of these turbines are numerous and range 
from arctic to desert environments. The consequence of such variable applications and locations is that the engine is 
required to operate under a wide range of duty cycles, fuels and digested air quality. To meet these challenges, the 
components must be robust in both design, and in their ability to withstand different environments. Most industrial 
gas turbines use thermal spay coatings to protect against these environments. Work comparing the benefits and 
economics of HVOF and VPS coatings for MCrAlY overlays for high temperature hot corrosion resistance for 
blades and vanes of LBGTs (Nestler et a l, 1995), showed that HVOF technology is less expensive and a higher 
quality alternative to the well established vacuum plasma process. The results showed that repair and reconditioning 
work is especially suited to HVOF processing of blades and vanes.
2.10.2.1 Anti - wear and erosion coatings
To protect the compressor region of the turbine, sacrificial aluminium based coatings are deposited for galvanic and 
erosion resistance (Sampson and Zwetsloot, 1997). For higher temperature wear applications WC-Co matrix 
coatings are used on the labyrinth fins and seal areas. CrC/NiC coatings are used for both high temperature 
environments up to 1088 K, such as cross-light tubes and transition ducts seals, but also for lower temperature use 
on bolt bearings and seal areas.
2.10.2.2 Oxidation and corrosion coatings
To ensure an efficient productive gas turbine, manufacturers generally push each component to its practical limits. 
Often, for each component, there is a conflict between the chemical composition and mechanical strength. This 
dichotomy is normally solved by selecting a composition which gives a moderate to high mechanical integrity and 
which protects the surface from attack by the use of a coating of suitable composition. In general, coatings for nozzle
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and blade applications are selected from chromium oxide or aluminium oxide. These oxides form denser adherent 
coatings that limit further attack.
MCrAlY coatings have been in service for some considerable time primarily, as a thermal barrier bond coat mainly 
applied by plasma spray. With increasing nozzle size and blade temperatures, the bias is towards oxidation rather 
than corrosive coatings. This has lead to a shift towards MCrAlY overlay coatings that were originally developed for 
aero-gas turbine technology, via a plasma or EB-PVD process. The performance and effectiveness of these coatings 
have as much dependence upon the method of application as the composition. High temperature oxidation and hot 
corrosion test have been carried out under isothermal and thermal cycle conditions for two types o f coating systems 
(Yoshiba et al., 1996).
2.10.2.3 Thermal protection coatings
Thermal protection coatings are used to reduce the temperature of a component or reduce the rate at which its 
temperature rises. Industry standards are based on yttria stabilised zirconia. Zirconia, because of its relatively high 
coefficient of thermal expansion compared to other ceramics means that it is closer to the substrates coefficient of 
thermal expansion, and yttria to stabilise the zirconia in its monoclinic phase. Zirconia, if  un-stabilised transforms 
to a tetragonal phase at 1343 K with an associated 4% volume expansion within the coating causing self-destruction. 
Zirconia’s thermal conductivity is controlled by its microstructure, for example, the columnar EB-PVD structure has 
a 50% higher conductivity compared to the plasma sprayed structure. Zirconia based coatings are usually used in 
combustion chambers and transition ducts but increasingly, they are being used on nozzles and blades though this 
use, is limited due to the coatings’ low erosion properties. Aluminium (A120 3) can also be used for thermal 
insulation, although at a lower temperature than the zirconium oxide due to its expansion coefficient. Aluminium 
based coatings are sometimes used on disc rims and inter-duct regions within the aeroengine.
2.10.3 Development of thermal barrier coatings for land based gas turbine engines
The anticipated requirement for new electricity generation capacity worldwide is expected to approach 600 GW 
(Ervin, 1994). In the United States alone, their energy demand is expected to increase by 46% over the next ten 
years. It has been suggested that 44% of the current electricity generating capacity in the United States w ill be more 
than 40 years old by the year 2010. An expected increase in stringent emission standards could result in a total 
replacement of these systems. The technology required by conventional fossil fuel-fired steam boilers is already 
available to meet these demands. As 40% of all carbon dioxide emissions in the United States, however, are caused 
by the electrical utilities, substantial reductions in these emissions will probably necessitate some fuel switching 
(Godley, 1994).
Gas-fired turbine systems are expected to account for a significant proportion of the projected new capacity. They 
offer a low risk, low capital, and quick return option, and currently achieve environmental compliance of S 0 2 and
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N 0X emissions (Parks et al., 1997). Given that gas turbines are likely to account for a significant increase of the base 
load generation capacity, any improvement in efficiency and environmental compatibility could have a significant, 
positive effect on the power generation industry.
Thermal barrier coating activities over the last 20 years have mainly concentrated on aircraft engine applications. 
Industrial gas turbine requirements for thermal barrier resistance to high temperature attack have, however, become 
critical for the commercial success of the industry. The expected life of coatings for high thrust aircraft engines is in 
the order of a few thousand hours. For industrial gas turbines, where time between engine overhaul is approximately 
five times greater than that of an aircraft engine, coating life becomes critical for thermal barrier efficiencies. 
Furthermore, industrial gas turbine operating cycles are considerably longer (i.e. a few hundred hours compared to 
1-15 hours), which raises concerns about the long term stability of the thermal barrier coatings.
The dominant failure mode observed in industrial gas turbines is the spallation of the oxide scale that forms on the 
surface of the metallic bond coatings when exposure to oxidative environments. It is the residual, mechanical and 
thermal stresses present in the oxide - metallic bond coatings that causes spallation. Early programmes (Vogan and 
Stetson, 1982) developed for industrial gas turbine ceramic coatings, included plasma sprayed calcium silicate, 
calcium titanate and yttria stabilised zirconia with various NiCrAlY compositions for the metallic bond coat. The 
calcium titanate and the yttria stabilised zirconia both survived the full test duration but exhibited some coating 
erosion at the leading edges of the blades. The research concluded that both systems had potential for industrial gas 
turbine applications.
In 1982 thermal barrier coatings were applied to utility turbine blades as part of a field engine study carried out by 
the NASA- Lewis Research Centre (Stecura, 1985). The effect of the thermal barrier coating on the lifetime of the 
turbine and performance of the utility turbine components was demonstrated. When operating under constant 
cooling conditions, the turbine aerofoil, when coated, heated to a temperature which was 328 K less than the un­
coated aerofoil operating under identical conditions. This enhanced performance translates into a ten fold 
improvement in creep rupture life and a two fold extension of the corrosion life of the components. When the turbine 
was operated at a constant metal temperature and reduced cooling flow, both specific power and efficiency 
increased, with no change in component lifetime.
The first TBC system applied using the EB-PVD process was introduced in 1989 by Solar Turbine Inc. and was used 
on turbine blades and nozzles (Mutasim and Brentnall, 1997). The YSZ was used in an engine test to protect the 
component aerofoil surfaces from high temperature oxidation. The TBC, however, did not perform as well as 
expected. Due to limitations imposed by the line-of-sight nature of the EB-PVD process, coating thickness was 
found to be inconsistent between the aerofoil and the nozzles. In some places, the coating thickness varied by as 
much as 90%.
General Electric (Parker, 1991), has frequently used field trials to maximise the potential of TBCs in turbine 
machines since 1987. Evaluation of both the top coat and bond coat systems has been carried out on the entire inner
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surface of a combustor liner in a MS7001EA gas turbine engine, fired by natural gas. The first stage turbine nozzles 
of the MS6000 and MS7000 machines showed varying microstructures from random porosity to dense, more 
oriented microstructures. In 1993, first stage inner shrouds were installed in a MS7001FA gas turbine which was 
operated for 24,000 hours. Tests to compare EB-PVD and APS coatings were started side by side under identical 
conditions in 1993. EB-PVD and APS were installed into MS9001E gas turbines that operated for less than 2000 
hours per year. They were, however, cycled frequently to meet short duration power demands.
Mitsubishi’s heavy duty gas turbines (Takahashi et a l, 1990), were used to test plasma sprayed TBCs on hot 
combustors and turbine vanes on medium sized LBGT applications. Metallic NiCrAlY bond coatings were used with 
a calcium titanate ceramic top coat. This TBC system has been successfully applied in the field to prevent cracking 
and deformation of components during service. At present, however, there are only a few production LBGT 
applications of TBCs on aerofoil components. The difficulty in spraying more complex parts and added processing 
costs of applying the coating makes this production not commercially justifiable at the present time.
For advanced LBGTs it is recognised that the use of TBCs will reduce maximum temperatures and thermal stresses 
on the components, allowing higher turbine inlet temperatures and reducing the requirement for air cooling. 
Together these positive factors translate into an increase in total engine efficiency.
2.11 Development of thermal barrier coatings for diesel engines
Thermal barrier coatings were initially investigated for use in adiabatic diesel engines due, to the prediction that benefits 
from significant fuel savings and potential power increases could be achieved. Cummins Engine Company Inc. in the early 
1980s conducted an extensive evaluation of thermal barrier coatings. These coatings are currently being used in the 
Cummins V903 diesel engine (Beardsley, 1997). The plasma sprayed NiCrAlY bond coat and yttria stabilised zirconia top 
coat of total thickness 1.5 mm, proved insufficient to survive short duration tests in high output diesel engines, and as such, 
were found to be unacceptable and un-reprodudble for general diesel engine operations. Improvements in the thermal 
barrier life span of the coatings, by two orders of magnitude were necessary for utilisation of the coatings in advanced diesel 
engines.
Modelling of diesel engine performance suggested that maximum benefits could be achieved by applying TBCs to piston 
and cylinder head surfaces (Novak et al, 1992). In applying these TBCs it was predicted that the in-cylinder heat rejection 
would be reduced by 38%. Subsequently, fuel economy would be improved by 2 % for tuibo-charged engines and by 3% for 
a turbo-compound version of the engine. Single cylinder engine tests confirmed an increased in exhibited life, but failed to 
improve engine fuel economy. One problem observed was the open crack pattern, evident at the surface of the zirconia 
coating, which significantly reduced the coating’s lifetime. The research indicated that state of the art plasma control 
systems and robotics used to deposit the thermal barrier coatings, still resulted in minor errors in plasma alignment, which 
in turn resulted in differing coating deposition rates and subsequent loss of performance.
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Engine performance using the zirconia coated pistons when measured was found to have a 1 to 3% higher indicated 
specific fuel consumption with an uncertainty level of ±3%. This suggested that the effect of insulation during heat transferi
on the zirconia coated pistons was inconclusive (Yonushonis, 1997). Improvements in engine fuel economy and emissions 
were not realised for the diesel engines evaluated The metal temperature underneath the coatings, however, was shown to 
have been reduced resulting therefore in potential improvements in the thermal fatigue life of the component
2.12 Other applications for thermal barrier coatings
The development of near, net shape forming of thermal barrier coated free standing components has been 
investigated for gas turbine applications (Kim et a l, 1998). Depositing a ceramic layer on a preconditioned mould 
surface, then removing the mould produces a vacuum plasma spray (VPS) of near net shape. The near net shapes are 
then heat treated to improve their mechanical properties. The process has been used to coat components with yttria- 
stabilised zirconia of uniform thickness and a microstructure with a smooth surface finish. Combustion system 
components of gas turbine engines, such as combustor liners and transition ducts, could realise significant 
performance benefits from this type of fabrication technique.
The central component in a solid oxide fuel cell (SOFC) is a dense gas tight yttria-stabilised zirconia layer 
separating an electrode-electrolyte multilayer arrangement. These units are connected in a stack by bipolar plates 
consisting of either ceramic or metallic layers generally manufactured by the sintering process. The vacuum plasma 
techniques were used in trials to deposit an effective and economical SOFC component in its entirety (Schiller et a l, 
1997). The vacuum plasma spray process enables a very high material throughput which is best suited for 
production techniques. The process results in a considerable reduction of production steps as multiple parts are 
fabricated in one fast consecutive process.
2.13 Characterisation work on thermal barrier coatings
To cany out a comprehensive review of the coating characteristics of HVOF thermal barrier coatings, it is necessaiy 
to understand previous work carried out on plasma sprayed and EB-PVD thermal barrier coatings. This involves a 
consideration of the role of impact morphology and its effect on coating properties, such as surface roughness and 
erosion resistance.
s
2.13.1 Investigation of splat morphology
A considerable amount of research has been published, and referenced as follows, on the effect of splat interaction 
between the impacted droplets and the surface of the substrate, predominantly in the area of plasma spraying. The 
microstructure and splat morphology resulting from the impact of a sprayed droplet depends upon a number of 
process parameters. These include the particle size and morphology, the impact velocity, the degree of softening and
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melting, the chemical state of the droplet (degree o f oxidation), the surface roughness and the temperature o f the 
substrate. All these have been shown to be important factors (Leger et a l ,  1996). It is therefore fair to suggest that 
these parameters have an important influence on the properties of thermal spray coatings. Much of the work on splat 
formation and resultant coating properties has concentrated on zirconia coatings for thermal barrier requirements.
Investigation into rapid solidification of 8  wt.% Y20 3 Zr02, indicated that solidification starts at about 2670 K and 
crystallises into a cubic phase and a tetragonal phase at approximately 2420 K. At 800 K a matensitic 
transformation should take place to form a monoclinic phase. This transformation, however, does not occur as the 
coating of this composition contains a non transformable phase due to the small crystal sizes in the lamellae 
(McPherson, 1989).
Two areas o f particular interest when comparing atmospheric plasma sprayed yttria stabilised zirconia and high 
velocity oxygen fuel processing, is YSZ’s particle velocity and substrate temperature. It is these two parameters that 
differ significantly between the two processes. The estimated velocity of atmospheric plasma sprayed particles 
ranges between 200-300 m sec"1, while HVOF systems are able to generate particle velocities in excess of 400-600 
msec"1. Work (Bianchi et al., 1995), investigating the effect of splat deformation and the degree of flattening 
between two different plasma torches, ranging between 20-300 msec'1, indicated that particle flattening is strongly 
influenced by an increase in velocity. Comparison of adhesion and cohesion properties under different substrate 
temperatures (Bianchi et a l, 1995) showed that these values strongly depend on particle velocity. This work 
demonstrated that splat characterisation could be affected by using different plasma torches to produce low particle 
velocities of 20 msec'1, and higher velocities up to 2 0 0  msec'1. The molten particles sprayed at the higher substrate 
temperatures exhibited high flattening values at high velocities. The same molten particles sprayed at the lower 
velocities showed a decrease in flattening from 5.0 to 3.6. It was also seen that at the higher particle velocities the 
adhesion -  cohesion values remained high regardless o f the substrate temperature. The work showed that the 
adhesion was strongly dependent on the oxidation rate of the substrate and decreased when the oxide layer became 
too thick.
Work (Bianchi et a l, 1994), on controlling substrate temperature externally between 348 K and 673 K was carried 
out by radiation heating. This research investigated the effect of the substrate temperature on the splat diameter and 
shape factor as a function of its cooling rate. Results showed that a low substrate temperature and hence a slower 
cooling rate, produced finger-like droplet shapes on impact, whereas, the higher cooling rates from the heated 
substrate produced disk shaped splats with varying diameters. The results also indicated that the higher cooling rates 
corresponded to a lower thermal contact resistance, in that a higher bonding area and improved wet ability existed 
between the splat material and the substrate surface.
Further research (Haddadi et a l, 1995), goes on to investigate the relationship between the splat formation of disk 
like shapes or highly fragmented finger stringy shapes and their ultimate effect on the overall coating 
microstructures. One result indicated that the finger-like splats, formed from lower temperature substrates, showed 
poor contact between individual lamellae or splat layers. This was attributed to the extensive splashing o f the splats
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upon impact, generating fine particle debris. Conversely, the higher temperature substrate work produced the disk 
like splat formation, displaying good particle to particle contact with no fines produced. The microstructural results 
of this interaction should lead to a difference in microhardness and erosion resistance of the coatings, due to the 
reduced cohesive bonding between adjacent splats. Further work (Haddadi et a l, 1996), investigated the influence of 
particle to particle contact on crystalline growth and its influence on thermal conductivity and thermal cycling, both 
of which are essential properties in thermal barrier systems exposed to cycle engine temperatures. This work showed 
the evolution of microhardness through the thickness of the YSZ layers. Microhardness is shown to vary as a result 
of different temperatures being applied to the substrate. Above 770 K the microhardness values remained above 950 
HV(5oo) but coating sprayed below this temperature gave reduced microhardness values by 30 to 40%.
Further investigation (Leger et al., 1996), highlighted that splat characterisation of partially yttria stabilised zirconia 
strongly affects the microstructure within the coating. Figure 2.15a and b shows the splat formation of YSZ sprayed 
onto substrates at high and low temperatures. The results show a more homogenous structure containing finer grains 
(mean size 120 nm) in comparison to the 150 nm and non -  homogeneous grains obtained on the low temperature 
substrate. In addition, the work reported on the related mechanical and physical properties, such as microhardness 
and modulus of rupture, for free standing zirconia forms, tested under four point bending. The porosity results 
clearly indicated differences in the pore content (4-11%) between the high and low substrate temperatures. It 
confirmed the enhanced contact among splats when deposited at high substrate temperatures. The lower porosity 
was attributed to the lower deposit temperatures.
Substrate temperature and subsequent splat formation was also shown to have an effect on residual stresses within 
the thermal barrier coatings, during thermal cycling (McGrann et a l,  1996). This work looked at how residual 
stresses were affected by substrate temperatures as the ceramic top coat was applied, and the effect of post processing 
thermal cycling on the build up of coating residual stresses. The results showed that compressive residual stresses 
are higher where substrate temperatures are above 750 K, when compared to lower processing temperatures of 
500K. This work also demonstrated that during thermal cycling, the coating applied with the higher process 
temperature, retains a higher average compressive residual stress than the coating applied with the lower processing 
temperature. This suggests that the effect of thermal cycling on residual stresses may lead to slightly higher post 
processing changes, whilst being more strongly influenced by processing conditions. Higher compressive stresses on 
the coating, however, would be expected to raise the thermal fatigue stress mean and therefore reduce the life of the 
coating.
The development of vertical segmentation cracks in plasma sprayed YSZ thermal barrier coatings, similar to those 
exhibited by EB-PVD coatings, has been the aim for a number of organisations (Bengtsson et a l, 1995). This 
research showed that densities of vertical segmentation cracks differ in different cooling conditions during 
processing. Higher thermal shock life was obtained in samples with high density of vertical segmentation cracks. A 
number of different cooling conditions was tested during the experimental work. Air jets for example, were attached 
to the plasma gun to aid cooling and were directed towards the surface of the top coat. Liquid carbon dioxide was 
also tested by being sprayed onto the back of the substrate during coating. Process temperatures during deposition of 
the coating using these techniques, could be varied between 600 K and 1100 K. Results from microsection analysis
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showed significant variation in crack densities between cooling conditions. A high density of vertical segmentation 
was found at high temperature steady state conditions, whereas, no vertical segmentation was observed for limited 
cooling conditions. This work suggests that the cooling of the splat to the temperature of the underlying material is 
quick and is analogous to a volume decrease of the splat as it adheres with shrinkage being restricted. This results in 
the build up of tensile stresses that must relax at some point during quenching in the form of vertical microcracks 
through the splats. Hence, the vertical cracks are formed during the rapid quenching of the splat when it cools from 
the melting point to the substrate temperature. A large temperature decrease during high process cooled conditions 
therefore, gives a high degree of stress relaxation and high density of segmentation crack.
Modelling of splat droplet impact (Bussmann et al., 1998) showed that reasonable predictions can be achieved on 
the degree of splashing and the number of satellite droplets. These simulation results demonstrated that impact 
velocity and substrate temperature are strong contributors to splat formation. The work also reinforces the results by 
using experimental photography.
2.13.2 Microhardness testing on ceramics
Microhardness tests are often carried out to determine a coating’s wear resistance and to estimate the quality of the 
coating. The detection of specific defects such as porosity and un-melted grains lowers coating hardness. Oxides are 
mainly sprayed using APS techniques. To obtain a hard oxide coating it is important to influence the inter-lamellar 
contact strength and porosity. These can be improved if  particle impact at higher velocity is gained in a rapid 
combustion flame processes such as HVOF. Generally, every effort is made to spray oxide coatings using HVOF 
techniques, as this results in coatings significantly harder than those achieved using an APS process. This was 
demonstrated in work (Kreye, 1991), that compared HVOF and APS sprayed A120 3.
The choice of load, while testing oxides, strongly influences the measured values (Pawlowski, 1995). Low load 
microhardness indicates the degree of individual lamellae melting, while high load measurements describe overall 
coatings, which depend on interlamellar contact strength and porosity. Zirconia coatings are intentionally produced 
with some level of porosity, which makes them better insulators but result in lower levels of microhardness. APS 
coatings of 7% Y20 3- Zr02 (22-45 pm), sprayed with 8 .2 % porosity, resulted in a sprayed microhardness o f Hv(500) 
700 (Gitzhofer et al., 1986).
2.13.3 Work on surface roughness
TBCs are very effective because they lower the heat flux into the component and provide a high thermal gradient 
across the thickness of the ceramic when compared to the metallic substrate. Zirconia stabilised with yttria ( 8  wt.%), 
has been used for plasma sprayed thermal barrier coatings since the early 1980s. The choice of zirconia is due to its 
relatively high coefficient of thermal expansion, its low thermal conductivity and its apparent stability over long 
periods at high temperatures. Initial applications for APS coatings were restricted to combustion cans and nozzle
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guide vane platforms. Successfiil application of these APS coatings on blade or nozzle guide vane aerofoils in the 
high-pressure turbine section is limited to the coefficient of friction of the surface blade, which is directly related to 
the surface roughness. Work (Watt et a l, 1987), showed that the plasma spray coating of surface roughness Ra 10 
pm causes an increase in primary loss coefficient in the turbine of the order of 2%. Polishing of the thermal barrier 
coating to a surface roughness of 2-3 pm results in an initial improvement but, erosion of the TBC back to Ra 10 pm 
occurs very quickly. The use of EB-PVD on blades and guide vanes improves adhesion, high strain compliance and 
perhaps most importantly, lower surface roughness which can approach that of the polished metallic blade surface.
2.13.4 Thermal cycling of TBCs
Ceramic coatings are used as temperature protective layers for engine metal components, improving performance 
under extreme conditions. An essential attribute of thermal barrier coatings is their ability to operate during high 
and low temperature variations. Work (Teixerira and Andritschky, 1995), compared the thermal cycling ability of 
yttria stabilised zirconia plasma coatings sprayed on a high temperature nickel based alloy and an EB-PVD coating 
of the same material and substrate. The two thermal barrier systems were tested by furnace isothermal cycling at 
maximum temperatures between 1270 K and 1420 K. Modelling techniques allowed the work to calculate the 
thermal strains and stresses that contribute to thermal failure mechanisms of the TBCs. The work looked at the 
effect of maximum cycle temperature, cooling times and deposition temperature compared to the number of cycles to 
failure. As expected, the performance of the electron beam-physical vapour deposition applied coatings with their 
columnar grain structure far out-performed the plasma sprayed coatings. The work suggested that coating failure 
during isothermal cycling occurred generally at the coating substrate interface and was due to the growth of a Cr20 3
layer which lowered the adherence of the YSZ layer to the bond coat. Coating failure mechanism including thermal
/
cycling is discussed in greater detail in section 2.14
2.13.5 High temperature erosion of thermal barrier coatings
The continued demand for both increased performance and fuel efficiency from turbine engines has resulted in  
increased operating temperatures and use of engines in many different and often harsher environments. During 
turbine operation on Middle East routes, the high pressure turbine blades of several civil aircraft engines exhibited 
deposits of abnormal contaminants. Degradation of the yttria stabilised zirconia coating by the ingestion o f mineral 
debris, is shown to occur through erosion and some degree of the chemical depletion of the yttria stabiliser from the 
zirconia (Wet et a l, 1996).
Thermal barrier coatings are currently produced by thermal spray, APS and electron beam-physical vapour 
deposition. The former is widely used to deposit ceramics on combustor cans, ductwork, platforms and other hot gas 
path components. The latter is used for aerofoil applications as the process offers improved levels of spall resistance, 
erosion resistance and surface finish. Particle erosion is potentially a serious problem to both APS and EB-PVD
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thermal barrier coatings when applied to turbine blades and nozzle guide vanes in the HP section of the aeroengine. 
Previous work (Nicholls et al., 1997) established that EB-PVD thermal barrier coatings are considerably more 
resistant to high temperature erosion than plasma sprayed coatings by as much as a factor of ten.
The process parameters of the EB-PVD process themselves strongly affect the erosion properties of the columnar 
coatings. Cranfield University and Rolls Royce have jointly developed a high temperature, high velocity gas gun rig, 
which evaluates the erosion performance of the thermal barrier coatings relevant to high pressure turbine blades 
(Rickerby and Morrell, 1997). The work showed that the line of sight deposition process associated with EB-PVD 
coatings strongly affects the deposition angle of the column boundary, ranging from the preferred angle of 90° to 
ones approaching 7°. Coating erosion behaviour was observed and noted that as the inclination of columns 
increased, so the rate of erosion increased. Results also showed that for angles below 45°, the erosion resistance was 
reduced to below the level observed during plasma spray coatings. Rapid deterioration in erosion properties during 
EB-PVD was associated with the fracture mode of the coating. It was found that the angle of inclination reduced the 
fracture of the columnar structure which shifted from the near surface region to depths in excess of half the coating 
thickness, and in some cases to the coating substrate interface.
Considerable investigation has been undertaken into the erosion testing of EB-PVD coatings against APS deposited 
coatings (Rhys-Jones and Toriz, 1989). The results showed that both EB-PVD and APS Zr02-8 wt.%Y20 3 coatings 
eroded in a brittle manner with a maximum erosion rate at high impact angles. Room temperature tests using 
alumina grit at 90°, resulted in a ten fold improvement in erosion resistance when compared to tests carried out at 
temperatures up to 1185 K. Micrographs were observed and extensive fragmentation of the column tops and lateral 
cracks within the EB-PVD coating were noted, with some densification of the near surface region compared with an 
as-deposited microstructure.
There has been a significant amount of work carried out in the area of erosion of brittle materials and the effects of 
various impact angles and erodent particle properties on the erosion mechanism o f ceramic materials over the past 
two decades.
At high angle impact, the kinetic energy of the particles contributes mainly to repeated impact. Ceramics have low 
fracture toughness and therefore cracks readily propagate to form a crack network. The subsequent impacts easily 
remove the surface material via the ejection of the upper grain layer, resulting in a high material removal rate.
t
Of the three ceramics eroded by the SiC particles, sialon, alumina and YSZ, it was seen that the materials exhibited 
different mechanical properties, such as toughness and hardness. The difference in erosion rates among these 
ceramics cannot be simply accounted for by their mechanical properties and are due in part to the variations in their 
microstructures.
SEM examination of the sialon ceramic material eroded using SiC at 90° shows that the plastic smearing and 
transgranular fractures are the main erosion mechanisms. This is, however, quite different from the case of alumina
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and YSZ subjected to SiC erosion, where the main erosion mechanism is grain dislodgment. The differences in 
erosion rates, as well as the morphological features for the composition of the three ceramics, can be explained as 
follows;
Where ceramics are subjected to SiC erosion, substantial grain boundary microcracks are developed on the target 
surface. Subsequently, the brittle nature of the ceramics allows the cracks readily to propagate to form crack 
networks. If the target contains equiaxed grains, the crack network readily results in the dislodgment o f the surface 
grains and hence the material removal rate is high. The grain dislodgment is hindered, however, if  the target 
contains randomly orientated elongated grains. This is due to the interlock effect of the elongated grains, which 
results in a transgranular fracture of the surface grains and hence the material removal rate is relatively low.
Ceramics with elongated grains coupled with strong grain boundary strength exhibited better erosion resistance, 
especially at a high angle impact.
When compared with vacuum sprayed coatings, greater improvements in solid particle erosion using HVOF ceramic 
coatings on large steam turbine buckets and nozzles were reported (Mousaw, 1993). These trials indicated that the 
HVOF coatings offered 3 times more resistance to solid particle erosion, thereby extending maintenance intervals by 
five years or more.
2.14 Failure mechanisms of TBCs
There are a number of failure mechanisms associated with TBCs, the two most common of which are chemical and 
thermal instability. These are generally present in combination but are often investigated individually as burner rigs 
and electrical furnaces are ideal equipment to use. The following section looks at the different failure mechanisms, 
identifying the causes and how they may relate to HVOF spraying of TBCs.
2.14.1 Failure of TBCs due to phase compositional changes
The phase diagram so useful in other technologies of material engineering proves less useful in thermal spraying. 
Their application predicts the phase composition of the coating by knowing the phase composition o f the initial 
powder and by taking into account a number of other considerations as follows; First, thermal spraying is 
accompanied by rapid solidification often resulting in new phase changes. Second, it might by accompanied by 
changes in chemical composition and third, spraying atmospheres may lead to coating oxidation or reduction.
The phase composition of the YSZ coating will depend on the chemical and phase composition of the original 
powder as well as the moiphology of its particles. The processing parameters are important in influencing the rapid 
solidification and rapid cooling of the powder into its lamellae. Figure 2.20 shows the thermal history of a sprayed 
APS particle as it is brought up to its evaporation point in milliseconds before impacting the substrate or the 
previously deposited coating and then deforming in the lamella. The particle then cools down to the melting point
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and solidifies. The final stage of the thermal history is reached when the lamella inside the sprayed coating cools to 
room temperature.
Yttria stabilised zirconia has three different phases at room temperature, these being the monoclinic, tetragonal and 
cubic phases. The presence o f excess monoclinic phases is detrimental to coating lifetime due to the phases’ high 
temperature transformation to the tetragonal phase, which is accompanied by a large volume change and expansion 
within the unit cell.
The phase composition of an APS coating sprayed using different powder size distribution was studied (Yasuda et 
al, 1995) to investigate the effect of thermal ageing on the failure mechanism of 8 wt.% Y20 3 stabilised zironia. 
Two different sized powders, fine (10-44 pm) and course (44-88 pm) with two different morphologies agglomerated 
and sintered and fused and crushed respectively, were APS coated. The results indicated that the initial powders 
had yttria levels ranging between 7.7 and 8.7 wt.% but different fractions of monoclinic phases measured by X-ray 
diffraction (XRD). The agglomerated and sintered powders contained higher levels (16 and 31 wt.%) of monoclinic 
phases compared to the fused and crashed (1.3-2.9 wt.%) powder. On plasma spraying these powders, the amount of 
monoclinic phases was reduced significantly to 1.6-4.6 wt.% in the agglomerated and sintered coating and to an 
insignificant level in the fused and crushed coating. The work also looked at the Y20 3 distribution within the APS 
coatings by electron probe micro-analyser (EPMA). The fused and crushed powder with the negligible fraction of 
monoclinic phases had a homogeneous distribution of the Y20 3 concentration ranging from 6.69 wt.% to 10.1 wt.%. 
The agglomerated and sintered powder with the small fraction of monoclinic phases had a heterogeneous 
distribution of Y20 3. The results suggest that the distribution and wt.% level of Y20 3 is critical in the phase 
transformation of tetragonal to monoclinic. In coatings with heterogeneous distribution of Y20 3 with levels below 
6.5 wt.% phase transformation occurred resulting in coating failure due to volume change of the unit cell from the 
tetragonal to the monoclinic phase.
2.14.2 Failure of TBCs due to bond coat oxidation
A thorough understanding of the mechanisms that cause TBC failure is a key to increasing, as well as predicting, 
TBC durability.
Oxidation of the bond coat has been identified as one of the major factors affecting the durability of the ceramic top 
coat during service. The mechanisms by which oxidation facilitates TBC failure, however, are poorly understood 
and require further characterisation. In addition, researchers have suspected that other bond coat and top coat factors 
might influence TBC thermal fatigue life (Brindley, 1997) both separately and through interactions with the 
mechanism of oxidation. These other factors include the bond coat coefficient of thermal expansion (Arenas et a l, 
1997), the bond coat roughness (Knight et a l, 1998), and the creep behaviour (Tsui et a l, 1998) of both the ceramic 
and bond coat layers.
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Due to the complexity of the interactions it is difficult to design an experiment to examine these factors 
unambiguously. It is possible to design a computer modelling "experiment" to examine the action and interaction of 
these factors, as well as to determine failure drivers for TBCs. Research, (Brindley, 1997) was carried out to develop 
an inclusive finite element model to characterize the effects of oxidation on the residual stresses within the TBC 
system during thermal cycling as well as to examine the interaction of oxidation with the other factors affecting the 
TBCs life. The plasma sprayed, two-layer thermal barrier coating that was modelled incorporated a superalloy 
substrate, a NiCrAlY bond coat, and a Zr02 8 wt. % Y20 3 ceramic top coat. The work examined the effect on stress 
during burner rig thermal cycling of the following independent variables: creep in the bond coat and top coat, 
oxidation, bond coat coefficient of thermal expansion, the number of thermal cycles, and interfacial roughness. All 
these factors were suspected of influencing TBC failure.
The model showed that all the material properties studied had a significant effect on the coating's residual stresses if  
the interface of the bond coat was rough. Bond coat expansion, bond coat oxidation, and bond coat creep had the 
highest effect on coating stresses, and these were highly interactive. The model also showed that the mechanism of 
stress generation during thermal cycling changed with the number of thermal cycles. Bond coat and top coat creep 
dominated stress generation during early thermal cycles, greatly increasing delamination stresses at the peaks of the 
bond coat. Creep was identified as the prime driver for delamination cracking early in the life of the bond coat, with 
cracking being limited to the bond coat peak region. Conversely, oxidation of the bond coat dominated stress 
generation during later cycles by greatly increasing delamination stresses over the bond coat valleys. These results 
indicate that oxidation is the driver for the continued cracking necessary to cause ceramic layer spallation.
Spallation of EB-PVD coatings has been studied (Brindley and Miller, 1990) on the growth of an aluminium oxide 
film or thermally grown layer (TGO) between the ceramic top-coat and bond coat interface. At high temperature and 
exposure to oxygen the TGO of a-Al20 3 is generated by aluminium diffusion from the bond coat to the oxide scale. 
Upon cooling large residual stresses develop in the TGO due to misfit compression stresses within the substrate 
caused by differences in the thermal expansion coefficient. Further stresses are also generated by the growth of the 
TGO due to volume change as a result of the oxidation of the metal giving rise to failure modes in the vicinity of the 
interface. Results showed that fatal oxidation occurs at 950 K with 10 pm TGO layers causing spallation. Exposure 
at 1300 K reduces the critical thickness of the TGO down to 7 pm resulting in thermal shock failure.
2.14.3 The nature of residual stresses within the coating and their influence on 
coating failure
Residual stresses within a coating result from a number of contributory factors which are discussed as follows:
Quenching stresses are generated during solidification of the lamella. These stresses are always tensile and relate to 
the coefficient of thermal expansion of the deposit material, the melting point of the lamella material and the 
temperature of the substrate. These stresses can be measured in situ by the change of the curvature of a sprayed plat
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during processing. In ceramics, the quenching stresses are much lower than the theoretical prediction indicating a 
mechanism for relaxation due to the presence of microcracking.
Cooling stresses arise when the coating and substrate cool down after the deposition process and are not specific to 
thermal spraying. The cooling stresses are due to the mismatch in the thermal expansion coefficient and cannot be 
separated from the quenching stresses.
The final contributing factor to residual stresses within ceramics in particular, is the phase transformation stresses 
generated where the temperature of any post spraying heat treatment is greater than the phase transition 
temperature.
It is possible to determine residual stresses in coatings by a number of techniques. These can be divided in three 
main methods, measuring the curvature of the coated plate, the diffraction method using a X-ray beam (XRD) and 
material removal. Measuring the curvature of the coated plate after substrate removal (Hobbs and Reiter, 1987) can 
be shown by simple mathematical treatment. The XRD technique (Weglowski and Pawlowski, 1981) is based on the 
assumption that the stresses deform the crystal lattice, compression stresses decrease the cell dimension while tensile 
stress acts inversely. The final method of material removal (Koolloos, 1999) involves drilling a relieving stress hole 
in a coating and measuring strain in various radial directions within its vicinity.
Residual stresses are inherent in thermal barrier coatings and can influence in-service performance and the life of 
the coating. The effective design and processing of TBC’s require knowledge of the residual stresses that are 
generated. Work (McGrann et al., 1996) showed that residual stresses within TBC’s could be controlled by substrate 
temperature during processing and by thermal cycling after processing. Residual stresses in coatings sprayed at the 
higher substrate temperature are found to be more compressive than the residual stresses found in coatings with 
lower processing substrates. Post processing thermal cycling causes the residual stresses to become more 
compressive.
2.15 Standard test methods and measurements for thermal barrier coatings
There is increasing commercial interest in coating services provided by thermal spray companies and a subsequent 
increase in the number of coated parts available. This indicates there is a greater need to standardise the methods 
used to describe and control processing conditions and measurement of coating properties. Standard test methods, 
such as those used to test mechanical properties, and analytical techniques, such as those used for chemical or 
microstructural analysis, are often employed to determine compliance to-specifications. In applications where 
coating are an integral design element of the structural component, increased precision in the control of the coating 
properties is desirable, raising further the importance of employing standard test and analysis methods (Dapkunas, 
1997).
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The value of standardised measurement methods for coatings has been recognised by a number of authorities across 
the world. These include, the American Society for Testing Materials (ASTM) in the USA, the British Standards 
Institutions (BSI) in the United Kingdom, Deutches Institut for Normung (DIN) in Germany, and the Japanese 
Institute for Standards (JIS) in Japan. The increased interest in coatings of all types has fostered a Committee for 
European Normalisation (CEN), whose aim is to develop standard measurement testing for coating. It is intended 
that over time these national standards will be incorporated into a worldwide International Standards Organisation 
(ISO).
The efficiency of thermal barrier coatings depends on two significant factors. These are adhesion to the metallic 
substrate aind the thermal insulation provided by the ceramic. The importance of adhesion has encouraged 
researchers to try to identify the causes of spallation and to develop models using thermal mechanical and chemical 
properties to predict coating behaviour. Studies (Miller, 1984), have identified or utilised several key properties, 
such as the coefficient of thermal expansion, thermal conductivity, tensile strength, creep and the growth of the 
oxide layer on the undercoat of the zirconia interface. These influence coating lifetime, defined by spallation 
resistance. The most commonly used adhesion method test is ASTM C633, the Standard Test Method for Adhesion 
or Cohesive Strength of flame spray coatings (Bemdt, 1990), and is similar to DIN 50 160-A. This technique is 
limited by its use of an epoxy adhesive grip. The adhesive grips used to cement the two coatings together often fail 
during tests at temperatures which are significantly lower than the temperatures that will be required during service 
operations.
A review (Brown et al., 1998), of methods used to measure adherence of coatings applied by HVOF, including 
flexure and fracture mechanics techniques, concluded that the widely used tests do provide the information 
necessary and that simulation of service conditions is vital. Further work has looked at the mechanical behaviour of 
coatings intended for diesel applications and has developed techniques for the evaluation of compression-tension 
fatigue on plasma sprayed coatings removed from the substrate (Beardsley, 1992).
Recognition of the more subtle properties of thermal barrier coatings, such as fracture toughness, thermal shock and 
thermomechnical fatigue, has been demonstrated in research into modelling of coating behaviour (Kokini, 1993). 
Whilst standards for these properties are not currently available, these broadly accepted methods of measurement of 
coating properties enhance the development of TBCs and allow general comparison from one organisation to 
another.
Hardness is commonly used as a process control measure and is recognised by BS 5411-part 6 as a standard on 
Vickers and Knoop microhardness for metallic coatings. Fracture mechanics analysis can be combined with micro 
indentation to measure the fracture behaviour of ceramic thermal barrier coatings (Besich et al., 1993).
Oxidation and hot corrosion behaviour of TBCs for gas turbine applications have undergone significant testing on 
equipment such as static furnace and high and low velocity burner rig exposure (Miller et al., 1993). By varying 
parameters, such as temperature, time, cycling rate and corrodent level, it was possible to relate the coating
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behaviour to a specific engine environment. Extensive databases on coating behaviour have been developed by 
individual manufacturers that demonstrate coating behaviour closely related to applications. As these represent large 
investments in what is a growing competitive market, however, it is unlikely that these will lead to standard test 
methodologies. The erosion method of coatings for gas turbine applications has been the topic of research for many 
years. Like with corrosion and oxidation testing, it is intended to represent the gas turbine conditions of a diesel 
engine. ASTM G76, “Standard Practice for Conducting Erosion Tests by Solid Particle Impact using Gas Jets”, has 
been developed for low velocity and low temperature evaluation. It does not, however, provide appropriate 
information for TBC operating conditions.
Thermal barrier coatings are aniosotropic whether they are applied by thermal spray or EB-PVD. Broadly accepted 
or consistent descriptions for microstructure features such as splats or porosity size distribution are not available. 
Accurate measurements of these microscopic features and macroscopic features such as coating thickness and 
surface roughness are necessary for coating specification. Optical metallographic preparation and analysis is skill 
dependent and standard reference material with known characteristics, would aid interpretation. The difficulty with 
consistent preparation of TBCs has fostered the development of industry led programs to identify both appropriate 
and standard techniques (Evans and Sauer, 1995). These studies should reduce the variability of observed 
microstructures and potentially lead to consensus based, standard preparation techniques.
2.16 Future work on thermal barrier coatings
2.16.1 Chemically modified zirconia
A recent area of research involves investigation into the change in a stabilisation compound that chemically 
modifies zirconia. Conventional thermal barrier systems over the past 30 years have been applied as 7-8 wt.% yttria 
stabilised zirconia. Use of other oxides such as CaO, Sc20 3 and MgO (Jones et al., 1996), have lead to lower 
performance results than those achieved using standard YSZ. Another zirconia oxide plasma sprayed with 10 wt.% 
T i0 2 has increased the sinterability of the coating (Vaben et al., 2001b). Further work adding both Ta20 3 and Nb20 3 
together, stabilised the tetragonal phase of the zirconia. The coating process using atmospheric plasma spraying 
required no change in the process parameters and showed promising results during burner rig thermal cycling trials 
(Raghavan et a l, 2001).
Another area to investigate is the possible use of new material types, which crystallise in other structures, compared 
to standard or modified zirconia. Materials worthy of consideration in this respect include garnets, peroskites and 
spinels that all form stable high temperature oxides. For an application, such as a TBC, it is important to consider 
the mechanics of thermal conductivity. In solids, the thermal resistivity is due to changes of lattice vibration which 
is generally described as a scattering of phonons. One method used to lower thermal conductivity, is to disturb these 
lattice vibrations with added scattering centres. With the crystal structure changing to a lower symmetry, and by 
incorporating different atoms inside the unit cell, the number of scattering centres increases with a resultant 
decrease in thermal conductivity. A number of very promising compounds that crystallize in the pyrochlore structure
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include La2Zr20 7, Nd2Zr20 7 and Gd2Zr20 7. These three compounds have melting points above 2273 K with no 
critical phase transformation up to the melting point. The benefits being that their thermal conductivity is 
significantly lower than YSZ. The disadvantage with some of these materials it their poor thermal cycling properties 
when plasma sprayed. One successful way that has been found to overcome this problem is the use of layered or 
graded coatings, with a YSZ between the bond coat and the top La2Zr20 7 exposed to the highest temperature during 
operation (Vaben et al., 2001b).
2.16.2 Metal-Glass composites
A new concept of thermal barrier is based on a mixture of metal glass composites (MGC) (Stover et a l, 2003). Glass 
powder of less than 1 pm was premixed and mechanically alloyed with the bond coat, allowing thermal expansion 
coefficient (TEC) values to vary, depending on the metal glass ratio. From this, it is therefore possible to adapt the 
thermal expansion coefficient for individual operating conditions such as for thicker TBCs. An additional benefit in 
using MGCs is that improved creep values between 873-973 K can be achieved. The reduced tensile stress in the 
MGCs during heating and the compressive stress during cooling cycles are suited to a brittle ceramic top coat.
2.16.3 Nanocrystalline layer
A significant failure mechanism of TBCs under high temperature operation is the spall o f the ceramic top coat. This 
is caused by an increase in the thickness of a thermally grown oxide layer (TGO), due to the oxidation of the bond 
coat during operation. Standard thermal barrier coatings are not able to withstand oxidation due to oxygen diffusion 
through the cracks. One option is to reduce the thermal mismatch between the TBC and TGO layers by introducing 
a more ductile interlayer to compensate the thermal mismatch and avoid catastrophic failure. This can be carried out 
by a nanociystalline structure or tolerant interlayer that is deposited by EB-PVD of a few microns thick, but still 
dense (Teixerira and Andritschky, 1995). These first investigations into nanolayers between bond coats and TBC top 
coats showed results comparable with single standard YSZ TBC and should show further promise with optimisation 
of the process and materials.
2.17 Summary of the literature review on TBC development and state of the art 
coatings
Over the past 30 years there has been a gradual but determined development in thermal barrier coatings and an 
improvement in equipment sophistication alongside the growth in the industries that utilise these benefits. As 
thermal spray techniques have become more reliable and consistent evolving from flame spraying, to plasma and 
electron beam physical vapour deposition, so the confidence in using TBCs in critical applications has grown. A 
major driving force in TBC usage is the significant commercial benefits that are achieved from operating aeroengine 
components, such as turbine blades, combustor cans and nozzle guide vanes at increasingly higher temperatures. A 
crucial milestone in aeroengine development is the success of the gas turbine engine. The principle operation of the 
engine relies strongly on the use of high temperature materials in order to achieve process efficiency. As base
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material technology, such as high temperature alloying, single crystal blades and air cooling reaches its practical 
limits, other areas of thermal protection, such as non-metallic composites and nano-crystalline layer demand more 
investment and development.
EB-PVD coatings have been the benchmark for TBC coating performance with excellent thermal cycling properties 
and operational reliability. The cost of manufacture, however, and limitation in coating components size has made 
its growth exclusive to the aerospace industry who are prepared to carry the cost of large batch spraying of turbine 
blades, but in other industrial sectors its development has been restricted. Thermal protection of land based gas 
turbine parts in particular would benefit from EB-PVD coatings but with some blade sizes being an order of 
magnitude larger than aerospace blades, the use of relatively small low pressure deposition chambers limits batch 
sizes.
To a certain extent, the introduction of plasma sprayed TBC’s in both atmosphere and vacuum, have successfully 
solved some of the EB-PVD limitations of cost and versatility but subsequently have introduced other coating 
disadvantages, such as poor erosion resistance and greater surface roughness. As mentioned earlier, the progress in 
equipment development especially plasma spraying has championed TBC growth, the same cannot be said for 
HVOF spraying. This technique has made significant improvement in wear and corrosive protection coatings, in 
many cases superseding proven plasma coatings. In the case of ceramics and in particular thermal barrier coatings, 
progress has not been made. Notwithstanding this, however, as the literature review highlights, there has been 
significant milestones in the development of HVOF spraying that has ultimately led to the ability of HVOF to 
deposit high melting point materials. Combustion chamber design, burner design, powder injection position have all 
led to improvements in powder softening. This project has built on these improvements which have proved essential 
in the development of dense ceramics for thermal barrier coatings
The use of acetylene has developed over the past 40 years from flame spraying to the specialised licensed process, 
the D-Gun ™. This has required significant improvements in gas delivery systems, requiring greater flow rates and 
reductions in pressure across essential safety equipment, which is necessary for the utilisation of acetylene as a 
HVOF fuel gas.
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Figure 2 .6  Computer static temperature distribution inside gun 
(reprinted Oberkampf and Talpalikar, 1994).
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Figure 2.7  Computed static pressure distribution on the centreline
(reprinted Oberkampf and Talpalikar, 1994).
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Figure 2.8 Computed particle temperature variations depending on injection angle
(reprinted Oberkam pf and Talpalikar, 1994).
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The two principle morphologicalforms o f  lamellae splashed on the 
substrate: pancake (a) andflower (b) (Houben, 1988)
(b)
Figure 2.14a & b  The possible microstructure o f  lamellae resulting from  their
solidification (a) columnar and (b) brick wall (Sampath and Herman, 
1989).
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3.1 HVOF thermal spray equipment
The Praxair Surface Technologies HV2000 High Velocity Oxygen Fuel system is currently the only available system 
able to utilise acetylene and was chosen therefore for this work as the thermal spray equipment most likely to deposit 
ceramics and in particular yttria stabilised zirconia. The system consists of a combustion chamber into which the 
fuel gas, oxygen, powder carrier gas and powder are injected via a mixing block at the rear of the chamber. The 
injection delivery unit or mixing block consists of a series of concentric orifices designed to completely mix the fuel 
and the oxygen. The powder delivery orifice is located axially at the rear centre of the mixing block to enable the 
maximum transfer of heat into the powder. The chamber extends into a converging nozzle arrangement, which 
compresses and accelerates the exhaust gases and the softened powder and discharges them out of the gun at high 
velocities. Both the chamber and nozzle arrangement are water-cooled leaving the outside casing of the gun only 
warm to the touch. The gun was used in conjunction with a 22 mm combustion chamber designed for use with 
higher melting point powders such as chromium carbide, cermets and lower melting point ceramics, such as 
aluminium oxide. The range of combustion chambers available from 0 mm, 12 mm, 19 mm and 22 mm is selected 
depending on the morphology and melting point o f the HVOF powders to be sprayed. It is the combustion chamber 
dimensions and in particular its length that has a strong influence on the degree of softening of the axial injected 
powder. By increasing the chamber length from 12 mm to 22 mm the dwell time within the hottest zone of the 
combustion process is increased considerably. The HV2000 system has been reported (Kreye et al., 2000), to operate 
at the hottest working temperature of the HVOF guns available and was an excellent system to use to achieve the 
maximum thermal energy necessary to soften high melting point powder ceramics like yttria stabilised zirconia. The 
high thermal energy of the HV2000 is also as a result of its axial injected powder position at the rear of the gun and 
its unique ability to use acetylene. Axial injection gives the maximum dwell period for increased heat transfer into 
the powder. Other HVOF systems operate off a radial injection point positioned down stream o f the combustion 
zone. A major benefit o f the radial method is the reduced carrier gas pressure necessary to deliver the powder into 
the lower pressure flame. In the axial injection systems, higher delivery pressures are necessary in order to overcome 
back pressure in the combustion zone. Inert argon gas at reduced pressure 200-275 kPa was used as a carrier gas to 
deliver the powder axially into the combustion chamber limiting dilution of the combustion process as argon plays 
no role in the combustion process between the oxygen and the fuel gas.
The HVOF system as shown in Figure 3.1, was operated using the hydrocarbon fuel, acetylene (C2H2) at a console 
pressure reading of 152 kPa, this is the maximum legal pressure permitted by the British Compressed Gas 
Association (BCGA) to operate acetylene. In order to work within the pressure limitation that exists with acetylene, 
when compared to other common fuel gases such as hydrogen at 1050 kPa, propylene 700 kPa and propane 630 kPa, 
it was necessary to design an acetylene supply system which reduces any drop in pressure or subsequent restriction 
in flowrate. This newly designed delivery system generated flow rates approaching those used commercially with 
propylene (4.5 m3hr!) and propane (4.0 m3hr *) but significantly less than those approaching hydrogen fuel gas (45 
m3hr"1).
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3.1.1 Gas control console
It was necessary to modify the HV2000, 3400 gas console because it created a major restriction to the delivery of 
gaseous acetylene and oxygen to the combustion chamber. The gas control console operates by the use o f sequenced 
solenoid valves, variable area flowmeters, isolation valves and flashback arrestors all designed to safely control and 
meter the oxygen and acetylene gases. These, however, cause considerable restrictions to the passage of both oxygen 
and fuel gases. Compressed oxygen with a cylinder pressure above 19,600 kPa has significant pressure capacity to 
overcome the problem in driving the required pressure and flow through the console restrictions into the combustion 
chamber. Acetylene, however, with its maximum pressure of 152 kPa will struggle to overcome the small orifices 
and narrow pipe work within the console. To compensate these problems it was necessary to modify a number of the 
safety and operating features of the console to improve and increase the passage of gas without compromising safely. 
First, the inlet regulator on the console used to control the acetylene flow by an operator was removed as its function 
is duplicated by a similar device down stream of the supply cylinders on the manifold. This meant that an operator 
would have to control the pressure of the acetylene outside and not at the console, but an improvement to the flow 
would be gained. The console flashback arrestor device on the fuel gas lines was also removed as this function is 
also repeated at the cylinder manifold and at the rear of the gun. The arrestor on the cylinder manifold protects the 
acetylene cylinders and the arrestor on the back of the gun protects the equipment. Manufacturers put arrestors 
inside the console in case the equipment is operated without the flame arrestors on the gun and the cylinders. These 
small devices are designed to prevent a pressure wave from the combustion reaction flowing back down the reverse 
of fuel gas line into the console. The arrestor is made of numerous tiny passages through a sintered element. This 
has the effect of breaking up the flame and cooling it below its ignition temperature in order to completely 
extinguish the flame before it enters the cylinder. Unfortunately, the tiny sintered holes reduce the gas flow rate 
significantly at low pressures in the opposite direction. In order to safely remove this unit it was necessary to replace 
it with a larger capacity arrestor at the exit of the gun to protect the hose and equipment and an external arrestor on 
the manifold. Both these units are large and positioned where space was less of a premium.
3.1.2 Powder feeder system
To control the delivery of powder to the HV2000 high-pressure combustion chamber, the 3620 powder hopper was 
chosen. The system delivers powder by a combination of gravity and a hammer type tamper unit to compress and 
drive the powder into a delivery hose. A cylindrical pressurised chamber typically containing around 315 kPa of 
argon is used to hold between 4-5 kg of yttria stabilised zirconia. A combination of gravity and the flow of the argon 
carrier gas force the powder to the vicinity of a motorised tamper which pushes the powder through a series of holes 
rotating on a wheel as shown later in Figure 6.2. By controlling the hole size, the rotational speed of the wheel and 
the frequency at which the tamper pushes the powder through the holes, a powder feed rate measured in gmin'1 can 
be accurately controlled. Once through the delivery wheel the powder is driven along a polytetrafloraethylene 
(PTFE) lined delivery hose into the rear of the gun through the centre of the gas mixing block and then forced into 
the combustion chamber. Powder only enters the chamber providing the carrier gas pressure of around 315 kPa is
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greater than the combustion back pressure of the fuel gas and oxygen. A number of other thermal spray systems 
inject the powder down stream of the combustion zone. With this method it is far easier to deliver powder than with 
the 3620 system but the time the powder dwells within the flame is reduced. This method also suffers from lack of 
directional control of the powder due to turbulence within the flame.
Work (Anderson et al., 1998) carried out on the 3620 model powder hopper showed that the continuous powder feed 
characteristics of this type of feeder device varied when using two different powders with the different powder 
processing methods, fused and crushed and plasma gas densified. The results showed that the powder flow rate was 
directly dependent on the apparent density and morphology of a powder type and not on its quoted flowability. The 
highest powder feed rates using this hopper were achieved by removing the powder feed wheel. This practice was 
not reproduced during this project in line with the focus not to change the design of the equipment used.
3.2 Gas supply system
All industrial gas delivery systems supplying any process equipment need to be safe and adhere to the BCGA codes 
of practice and guidelines. On a number of occasions, however, this can involve the installation of safety equipment 
as part of the supply system that can restrict the flow of gas by creating localised pressure restrictions within the 
system. This type of safety equipment includes flame arrestors, pressure regulators, gas slam-shut devices and non­
return valves, all essential for the safe operation of flammable and inert gases but restrictive to the requirements of 
processes such as thermal spray. It was therefore necessary to engineer around or replace a number of these 
restrictions while maintaining the safety of the system. The modification made by the author resulted in a completely 
new gas delivery system changing the specification of the original control system whilst still remaining within the 
BCGA codes of practice and guidelines. These modifications are described in greater detail in Chapter 5.
3.2.1 Oxygen
Due to the high cylinder pressure available with oxygen it was not necessary to make any significant modifications 
to the standard supply system. For ease of use, however, a manifold cylinder pallet (MCP) containing 15 oxygen 
cylinders was used providing a total spray time of 8 hours. The supply system consists of a manifold and a regulator 
at the source side and an isolation valve and non-return valve at the console side. This arrangement gives consistent 
pressure and flow rates necessary for HVOF spraying. Using variable area flow tubes the accuracy of the oxygen 
flow rate is ± 2% full scale deflection. The oxygen pressure gauges used on the HVOF console have accuracy rated 
at ± 2.5 % full scale deflection.
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3.2.2 Acetylene
Acetylene is a colourless, odourless, flammable gas and is slightly lighter than air. Ordinarily prepared, it has an 
unpleasant odour due to impurities. It is violently explosive as a liquid and is stored in metal tanks, having been 
dissolved in liquid acetone under pressure. It bums in air with a hot and brilliant blue flame. Formerly used for 
illumination, it is now mainly used in the oxyacetylene torch for welding and cutting metal. Acetylene cannot be 
stored under pressure in the same way as compressed hydrogen gas nor can it be maintained in a pure liquid form, 
such as propylene and propane. Acetylene can decompose in a rapid, highly exothermic reaction when exposed to 
pressures greater than 196 kPa if  subjected to shock or impact. This explosive reaction restricts the use of gaseous 
acetylene to maximum working pressures of 152 kPa in the UK and Europe and only 104 kPa in the United States. 
These low working pressures and the resultant low flow rates that are achievable from current supply systems have 
significantly limited the use of acetylene in conventional HVOF systems in the past. Using variable area flow tubes 
the accuracy of the acetylene flow rate is ± 2% full scale deflection. The acetylene pressure gauges used on the 
HVOF console have accuracy rated at ± 2.5 % full scale deflection.
A non-conventional thermal spray system currently using acetylene is the Praxair Surface Technologies Detonation 
Gun (D-Gun). To overcome some of the acetylene limitations this has a manifold which connects 100 cylinders 
together to supply the required mass flow of acetylene at a pressure of only 95 kPa. The problem, however, with 
continually increasing the gas flow to fuel the combustion process is that the burning velocity in one direction of a 
fuel gas and oxygen combination needs to balance the gas flow in the opposite direction. If this balance is not 
maintained within the combustion chamber the flame either, exits the front of the gun and is extinguished, or 
retreats back into the body of the gun and could possibly cause a flash back. The burning velocity of acetylene is 
high compared to other fuel gases such as propane and methane. It is possible therefore to use higher flows of 
acetylene and oxygen for the same design of gun combustion chamber. In the design of the D-Gun, the amount of 
gas flow used to achieve the high levels of kinetic energy of the powder was much greater than the burning velocity. 
To overcome this, the D-Gun is designed to re-ignite after the flame has blown out through the front of its gun 
barrel, 8 times per second. On each of those eight occasions powder is added, combustion takes place, the powder is 
propelled out of the gun, the flame extinguishes, the flame is re-ignited and further powder is added into the 
chamber. This level of complexity is not available to the high velocity oxygen fuel system therefore the allowable 
pressures and flows of acetylene must remain within the limitation of a single continuously combusting flame.
A critical factor in the operation of more conventional HVOF systems, in order to produce consistently high quality 
coatings, is the ability to achieve and maintain a constant reproducible supply pressure and flow rate from both the 
fuel gas and oxygen. The author has attempted to overcome the working limitations of acetylene fuel gas. This, by 
re-engineering standard acetylene gas handling equipment, incorporated with the use of 24 cylinders manifolded in 
2 pallets in an attempt to achieve the maximum flow rate from an allowable safe acetylene working pressure as 
shown in Figure 3.2. This is discussed further in Chapter 5.
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3.2.3 Carbon dioxide cooling equipment
The deposition of thermal spray coatings on an increasingly diverse range of component shapes and differing 
materials has highlighted the importance of temperature control on the various spray processes. High energy 
spraying systems, such as the high velocity oxygen fuel and atmospheric plasma spraying have the disadvantage that 
they subject the substrate material and coating to ever increasing temperatures. With fuel gases such as acetylene, 
hydrogen and propylene able to impart significant thermal energy levels into the powders and the component, 
suitable methods of cooling the surface are a necessary requirement. Within the industry it is considered important 
that the substrate and coating temperatures be maintained below 473 K to avoid a mismatch of the thermal 
expansion properties of the two different materials causing possible spallation and failure of the coating. Typical 
carbon dioxide cooling systems used in the thermal spray industry use between 1-3 kg m*1 of liquid carbon dioxide 
that has 200-300 kJ of cooling capacity that can typical reduce substrate temperatures by 100 K.
The carbon dioxide cooling equipment used in this work, as shown in Figure 3.3, is a simple delivery hose 
arrangement designed by the author and modified for thermal spray requirements. Liquid carbon dioxide is stored in 
a vacuum insulated stainless steel vessel. The withdrawal and delivery of liquid carbon dioxide onto the surface of a 
substrate can extract considerable amounts of heat from the component. The principle involves the part formation of 
solid snow-like carbon dioxide and cold gaseous carbon dioxide when liquid carbon dioxide is allowed to expand 
from high pressure to atmosphere. The resultant heat extracted from the component to melt (latent heat of 
sublimation) and boil off this solid snow means that the coating temperature can be reduced quickly and efficiently 
during the spraying process compared to cold compressed gas systems. The solid to gas ratio that impacts on the 
substrate surface is determined by the vessel’s supply pressure and the length of delivery hoses used to transport the 
liquid carbon dioxide to the component. The BOC Gases carbon dioxide cooling system operates from a tank 
pressure of 2156 kPa at a temperature of 195 K. The liquid is delivered through a flexible stainless steel braided 
hose to a solenoid valve control and nozzle arrangement. These nozzles can be mounted either on the thermal spray 
gun or independently. Generally, the nozzles are positioned either side of the flame but not impinging on the flight 
of the powder to avoid any effect on powder microstructural properties. It may be possible, however, using this type 
of system to influence the solidification process of the powder immediately after molten powder is deposited and 
cools on the substrate.
A similar interaction between the process gas and the powder is seen in the reactive plasma spraying techniques 
when aiming to influence the microstructural properties of the coating during the solidification process. Work (Al- 
Sabouni et al., 1998) was carried out on MCrAlY powders using the APS process using hydrocarbon gas to reduce 
the oxygen content of the deposited coating. An order of magnitude reduction in 0 2 content was achieved by 
injecting acetylene and propane into a graphite reactor on the end of a plasma torch. A significant increase in 
hardness was observed as the carbon content within the coating increased as the oxygen levels decreased. The work 
suggested that the excess gaseous carbon present in the reactive hydrocarbon “mops up” the oxygen in the entrained 
atmosphere that would normally react with the powder MCrAlY.
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The cooling capacity of the system is controlled by using different sized nozzle arrangements. They are designed to 
be flexible and positioned relative to the flame. By increasing the nozzle internal diameter, a greater volume of 
product can be deposited onto the component whilst also increasing the surface coverage. Restricting the nozzle 
diameter will produce a fine more directive cooling jet but reduces its overall cooling capacity and consumption. The 
simplicity of the internal delivery system is important in order to avoid unnecessary expansion of the liquid carbon 
dioxide within the delivery path, which could result in solid snow formation and possible blocking of the system.
3.3 Yttria stabilised zirconia powder
A significant amount of development work (Boris and Hackett, 2001) has been carried out by the manufacturers of 
YSZ powders on their use for thermal barrier coatings. The coatings were developed to provide insulating properties 
against heat flow and have the ability to disrupt the path of conduction and limiting heat transfer through radiation. 
An optimum thermal barrier coating is obtained by a combination o f low thermal conductivity and a structure that 
can disrupt heat flow through a series or network of enclosed pores. In order to control the coating properties it is 
essential that coating morphology is totally understood and controlled.
A number of zirconium oxide based powders are currently used in commercial thermal barrier production, Zr02- 
MgO (80/20), Zr02-Ce02-Y20 3 (72/25/3) or Zr02-T i02-Y20  (72/18/10). The inclusion of oxides such as celinium 
oxide and titanium oxide have the advantage that they offer extra protection against high temperature corrosion 
from sodium chloride and increased scuff resistance on top of the thermal barrier requirements. It is, however, 
recognised that yttrium stabilised zirconium and in particular Zr02-Y20 3 (92/8) offers the most suitable commonly 
sprayed powder within the industry. Information supplied by the various manufacturers note that the difference in 
physical properties of the Zr02-Y20 3 (92 wt.%/8 wt.% fraction) appear to affect the properties of the coating. The 
physical properties most commonly quoted include the particle shape, the size distribution, the density and the 
internal structure. These properties are all closely related to the manufacturing process.
The typical composition analysis of the yttria 7 wt.% zirconia is shown in Table 3.1.
Yttria-stabilized zirconia TBCs have been applied to metallic substrates in gas turbine and jet engines to protect the 
substrates against high operating temperatures. These coatings have porous and microcracked structures, which can 
accommodate strains induced by thermal-expansion mismatch and thermal shock. The longevity of such coatings 
depends upon yttria as a stabilizing additive that helps to maintain the zirconia in a yttria-rich, so-called "non- 
transformable" tetragonal ciystallographic phase, thus preventing transformation to the monoclinic phase with an 
associated deleterious volume change. At temperatures greater than 1,500 K, however, there is sufficient atomic 
mobility to form the equilibrium, transformable zirconia phase. Upon subsequent cooling, this phase transforms to 
the monoclinic phase, with an associated volume change that adversely affects the integrity of the coating.
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The chemical composition of yttria stabilised zirconia powders used in this project varied between 6 wt.% and 8 
wt.% yttria. They represent the main candidates of new generation powders for advanced thermal barrier 
applications. The exact level of yttria (between 6-7 wt.%) and other minor constituents are not critical in the 
performance of the powder. The main criterion for powder characterisation is morphology, density and phase 
distribution.
Powder size distribution is generally measured by the laser light scattering technique, which is gaining wide 
acceptance (Pei et a l, 1996) due to its speed, high repeatability and high resolution. Powder size distribution values 
for the project powders were supplied by the powder manufacturers but confirmation of the morphology and average 
size was carried out by SEM image analysis as part of the project scope.
3.3.1 Powder manufacturing process
Four commercially available YSZ powders each partially stabilised with 8 wt.% yttria were investigated in this 
work. Variations within the powders were due to the different manufacturing techniques that altered their powder 
size distribution and morphology. There was little variation in powder composition from the raw stock of material 
before powder processing. A typical composition of the YSZ Praxair Inc. powder is shown in Table 3.1. Four 
different powders were studied in order to determine acceptable deposition efficiencies and then to investigate their 
potential influence on coating characteristics for thermal barrier applications.
3.3.1.1 Fused and crushed
YSZ powders can be manufactured by melting or fusing the ceramic, casting it and crushing the resultant solid 
down to the appropriate size for spraying. As a result of the melting process the ceramic exhibits limited porosity 
approaching its theoretical density. Its morphology consists of an angular blocky characteristic but with a large 
volume fraction of fine particles. Due to its angular nature, comers or sections of the powder fracture during storage, 
and transportation and handling which makes it difficult to control its size distribution. The typical density o f the 
fused and crushed powder is 2.7 g cm"3.
3.3.1.2 Sintered and crushed
These YSZ powders are manufactured by pressing together fine raw materials while subjecting them to thermal 
conditioning that promotes grain growth and solid state sintering. After heat treating the resultant sintered cakes are 
crushed to size. The grain boundaries and entrained porosity present in the particles provide a structure more 
conducive to heat transfer into the body o f the powder, however, the denser blocky fraction and its irregular nature 
potentially lowers their flowabilty properties. The typical density of the sintered and crushed powder is 2.1 g cm"3.
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3.3.1.3 Agglomerated and sintered
The most versatile o f the spray techniques allows the agglomeration of many differing materials. Fine raw materials 
are combined with an organic binder and water to form slurry. The slurry is atomised then spray dried in a stream 
of clean dried heated argon. The thermal conditions subject the particles to maximised inter-particle sintering while 
minimising the reaction between the particles. The YSZ powder exhibits large amounts of open, connected porosity 
with apparent densities around 75% that of fused and crushed materials. The typical density of the agglomerated and 
sintered powder is 1.8 g cm'3.
3.3.1.4 Agglomerated and plasma densified
Many agglomerated YSZ powders manufactured by this method are subject to some form of densification. This 
process melts the surface of the particles to create a smooth solid surface. The melting process can be carried out by 
a number of methods, including furnace heat transfer, arc plasma or radio frequency plasma. The interior of the 
particles contains pooled porosity left in place after solid material flowed to the surface, in many cases creating 
hollow spheres. The typical density of the agglomerated and plasma densified powder is 2.3 g cm'3.
Many of the atmospheric plasma sprayed and electron beam-physical vapour deposition yttria stabilised zirconia 
powders have gained coating approvals and have been written into coating specification for component products by 
many of the major aircraft manufacturers such as Rolls Royce, Pratt and Whitney and General Electric. These 
specifications include the powder type and the spray process (e.g. APS, EB-PVD, HVOF etc). In some cases the
parameters to be used to deposit a specific coating are specified especially, for example on an aerospace component 
such as a fan blade.
3.4 Project powders
There are several commercially accepted methods of mass producing thermal barrier powders. The following four 
commercially available yttria stabilised zirconia powders were identified for the project as they are manufactured 
from different methods. The manufacturing process has a significant effect on a number of the powder properties 
including particle size and flow, melting characteristics, deposition efficiency, and density and microstructure. Not 
all these powders have current aerospace specification approval for TBC use, but each has potential benefits over 
one another due to their different morphology.
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3.4.1 Sulzer Metco agglomerated and plasma densified Amdry 204B-NS powder
This YSZ powder is an agglomerated and densified powder, spherical in shape with a size distribution between 
-75+45pm as shown in Figure 3.4. The Amdiy 204B-NS is supplied by Sulzer Metco and is promoted as having 
excellent flow characteristics with numerous industrial specifications as an aerospace thermal barrier coating 
sprayed by the APS process. It is made up of a plasma densified outer shell with a porous interior. Scanning electron 
microscope inspection, SEM, shows the presence of “rouge” powders with oval or bone shaped morphology either as 
a result of the manufacturing process where two spherical particles are fused together, or as a result of being 
damaged and deformed in storage. Many of the powder particles have a smooth surface as a result of the 
densification stage. Some, however, have a rough exterior possibly due to the lack of melting in the densified stage.
3.4.2 H.C. Starck fused and crushed Amperit 825.090 powder
The 825.090 powder is manufactured by H.C. Starck using the fused and crushed process producing angular and 
fine powder morphology as shown in Figure 3.5. The powders exhibit near theoretical densities with little or no built 
in porosity. The small powder size distribution between -2+12 pm, a high percentage of fine powder sizes and a 
general angular shape means its flowabilty is relatively low compared to Amdry 204B-NS.
3.4.3 Alloys International agglomerated and sintered Plasmalloy AI-1075 powder
Praxair / Miller’s Thermals Alloys International AI-1075 powder is an agglomerated and sintered material. The 
powder exhibits large amounts of open, interconnected porosity as shown in Figure 3.6 but it still maintains a 
spherical morphology with a powder size distribution of -5+22 pm. Typical porosity levels are around 25% greater 
than the fused and crushed powder. This lower density structure has the benefits that it allows the particles to 
collapse and splat upon impact with a substrate. When exposed to increased particle velocities, associated with 
HVOF’s converging nozzle arrangement, this should result in increased deposition efficiencies compared with 
denser powders.
3.4.4 Praxair Surface Technology agglomerated and sintered ZRO 175 powder
Praxair Surface Technology’s ZRO 175 powder has a morphology similar to an agglomerated and sintered structure 
as shown in Figure 3.7 but with an increased proportion of denser blocky particles due to a crushing process in 
manufacture. The higher fraction of denser blocky powder is similar to that produced by the sintered and crushed 
manufacturing process which is a more economical procedure but prone to flowability problems. The open lattice of 
pores present within the powder should encourage increased deposition efficiency while the greater degree of 
rounding on the particles should also assist its flowabilty. The powder size distribution is -5+22 pm.
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3.5 Turbine substrate material
The substrate material used for this work was a Nimonic C263, which is a material commonly used in high 
temperature aeroengine components such as the HP turbine blade. The Nimonics are a nickel-based range of alloys 
offering high temperature resistant properties more advanced than the iron based materials. The alloys are notable 
for their excellent resistance to creep, fatigue, oxidation and thermal shock and have played a vital part in jet engine 
development. The Nimonic samples were supplied by Rolls Royce as the material used in turbine manufacture.
A nominal composition Nimonic C263 (high temperature nickel alloy) is shown in Table 3.2.
3.5.1 Substrate preparation
Samples were cut using a diamond embedded cutting wheel from flat plates 1.6 mm thick and prepared to 3 cm by 6 
cm in dimension. The size was determined by the sample holder on the thermal spray rotator. The plates were 
cleaned with acetone to remove any oil or grease. Surface roughening was carried out on one side by shot blasting 
with A120 3 grit of typical size distribution -450+750 pm. Grit material and size is determined by the coating 
thickness to be applied and its application. This was necessary as thermal spray coatings are mechanically bonded to 
the roughened substrate. There is no chemical or metallurgical reaction at the interface between the coating and the 
substrate. Surface roughening helps the coating key into the substrate to assist its adhesive properties. Typical bond 
strengths of thermal spray coatings range from 15-50 MPa. Surface roughness has been reported (Wigren, 1987) to 
influence a number of coating characteristics, such as deposition efficiency and coating thickness. In order to 
eliminate the influence of the shot blasting process it was necessary to standardise it by producing an average 
roughness (Ra) of between 7-10 pm, the accepted surface roughness values for thermal spray coatings. Too high a 
surface roughness may introduce stresses, especially into thinner substrates, whereas too low a surface roughness 
will affect the mechanical bonding resulting in coating delamination at the interface. These roughened samples were 
then cleaned in an ultrasonic bath of water and detergent solution to remove any remaining entrapped A120 3 grit on 
the surface of the sample that could influence the adhesive bond strength of the coating.
3.6 Bond coat
It has been recognised by the thermal spray industry for a number of years that a thermal barrier system requires a 
high temperature oxidation and corrosion resistant metal alloy bond coat. This is necessary to protect the Nimonic 
substrate from hot engine environments. To achieve this, MCrAlY (M=metal, Co, Ni CoNi) bond coat Sulzer Metco 
Amdry 995C was sprayed through the HV2000 equipment using hydrogen and oxygen parameters to deposit a 50-75 
pm thick bond coating. The samples were mounted at right angles to the HVOF gun to avoid variation in the impact 
angle which can influence the deposition efficiency of the deposit. The samples were rotated to produce a deposit
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rate no greater than 25 jim per spray pass. This is an accepted deposition rate in thermal spray coatings. Too thick a 
coating could introduced stresses into the coating, and is discussed in detail in Chapter 4 and Chapter 7, and too 
thin a deposit would add time to the process. The MCrAlY layers were also used to increase the surface roughness of 
the coating and were an important factor in mechanically keying the surface for the ceramic top coat to adhere to.
The Amdry 995C powder is a spherical, gas atomised powder as shown in Figure 3.9 and is used for demanding 
aerospace applications generally sprayed using the APS, VPS and LPPS systems. The Co 32Ni 21Cr 8A1 0.5Y  
powder alloys are used for protective hot corrosive oxidising environments up to approximately 1100 K for APS and 
1350 K for the heat treated VPS coatings (Information taken from Sulzer Metco, Material Guide, 1998).
By depositing the Amdiy 995C powder using the HVOF system (using coating specifications and HVOF parameters 
supplied Rolls Royce), the value of surface roughness for the bond coat decreases compared to the other processes. 
Work (Knight et al., 1998) showed that the surface roughness levels of MCrAlY bond coats necessary for coating 
adhesion will change depending on the deposition process. The results noted that the LPPS process gave the highest 
surface roughness bond coat value and exhibited the highest coating adhesive strength compared to the APS and 
HVOF samples. The surface roughness of the HVOF bond coat samples selected for the work ranged between 7-9 
p.m in-order to reduce this effect.
A nominal composition of Sulzer Metco Amdiy 995C powder (-45+75pm), is shown in Table 3.3.
3.7 Spray procedure - Manipulating and handling equipment
As mentioned previously, the substrate samples were small 3 x 6 cm coupons and held in a multiple sample holder 
jig. The holder was located on a pipe rotator, capable of reaching up to 200 rpm or equivalent to a surface speed of 
1.5 m sec'1. The holder shown in Figure 3.3 was designed by the author to allow multiple samples to be sprayed 
simultaneously with different stand-off distances as part of the optimisation programme. The HVOF gun is fixed 
onto a lm  XY manipulator allowing the flame to traverse along the length of the sample. By varying the rotation 
speed and the traverse speed it was possible to control both the deposition rate, i.e. coating thickness per pass and to 
a lesser extent the temperature of the substrate. Multiple, consistent, and reproducible samples were therefore able to 
be produced using this simple method of spraying.
3.8 HVOF - Process parameters
High Velocity Oxygen Fuel spraying is at a basic level, a combination of thermal energy and kinetic energy. The 
thermal energy from the combustion of the oxygen and fiiel mixture is used to soften or melt the powder. The kinetic 
energy is derived from the exit of exhaust gases from the chamber nozzle arrangement, which transfers into the 
powder particles as velocity. There are a number of process variables that can influence and determine the transfer
too
Chapter 3 Experimental set-up
level o f thermal energy and kinetic energy from the HVOF system into the powder. These were folly tested and 
examined during the project and are discussed in the following sections.
3.8.1 Oxygen to fuel ratio
The heat energy necessary to form the hydrocarbon molecules in foel gases such as acetylene (C2H2) from the 
molecular hydrogen and carbon is the most important property of a hydrocarbon when liberating heat. Acetylene has 
the highest heat of formation value of all the foel gases commonly used in flame spray processes. The heat of 
formation in this case is the electrical energy necessary for the manufacture of acetylene from calcium carbide and 
water. Calcium carbide, CaC2, is manufactured by heating a lime and carbon mixture to 2375 K in an electrical 
fomace where lime is reduced by carbon to calcium carbide and carbon dioxide. The solidification of the calcium 
carbide is performed in an inert atmosphere as any moisture could react with the carbide to form acetylene. During 
the combustion process or decomposition of the hydrocarbon with oxygen, a common term of energy quoted for the 
foel /  oxygen reactions is its enthralpy of reaction. The units can be quoted by volume kJm'3 or by weight kJkg'1. 
Oxygen/acetylene foel gas mixtures have the highest enthralpy reaction of all the common foel gases, by volume or 
by weight. The combustion reaction produces CO, C 02 and H20  as exhaust gases. All these combustion reactions 
follow strict physical laws for any given mixture of carbon, hydrogen and oxygen.
Figure 3.8 shows the theoretically calculated flame temperature of many common foel gases against the oxygen 
stoichiometry. This is the volume % of oxygen required to combust with the foel within the flame to produce a 
specific theoretical flame temperature. The graph shows that acetylene has by far the highest flame temperature 
achievable with all combinations of oxygen. For a maximum flame temperature of 3433 K from oxygen and 
acetylene the required ratio is 1.5:1.0. The figure also shows that any variation either side of this ratio will still give 
a significantly lower flame temperature, for example a ratio of oxygen to acetylene of 1.1:1.0 generates a flame 
temperature o f 3373 K and 2.5:1.0 gives a theoretical flame temperature of 3338 K. This means that the flow rate or 
volume of oxygen can be increased by 75% above the maximum temperature ratio with only a 35 K drop in 
temperature. Similarly, the flow rate or volume of oxygen can be decreased by 25% below the maximum temperature 
ratio with only a 60 K drop in temperature. This flexibility maximises the flow rate for combustion without a 
significant decrease in thermal energy. By increasing the rate of combustion products entering the gun it is 
necessary to ultimately increase the volume of exhaust products that exit the gun, hence the kinetic energy of the 
process increases.
3.8.2 Oxygen and fuel gas pressures
In the controlled orifice system within the gas console used in the project, the pressures of both oxygen and 
acetylene foel gas were closely related to the flow rate. The higher the inlet pressure of oxygen and acetylene into the 
chamber, the higher the flow rate able to be delivered into the chamber, and therefore, the greater the combustion 
pressure. In theory, the molecular mass of these two gases is the important criteria for combustion but as most gas
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control systems are based on volumetric rotameter systems, and not mass flow, then both pressure and flow rate 
must be considered. The higher the pressure and flow rate of gases into the chamber, the greater the volume and 
subsequent kinetic energy generated by the exhaust gases. As mentioned previously, however, the limitation of the 
chamber design restricts the total volume of gas combustion due to burning velocity and gas flow imbalance.
3.8.3 Argon carrier powder pressure
To deliver the powder into the combustion chamber it was necessary to overcome the backpressure, which exists in 
the combustion chamber. One drawback in increasing chamber pressure and flow rate is the increased argon carrier 
gas necessary to overcome the back pressure. This, as argon plays no positive role in the combustion process and 
even dilutes combustion. Consideration to using other carrier gases that possibly could add to the combustion 
process was ruled out by the author due to limitation in the powder hopper design. The use of oxygen, for example, 
if  used as a carrier gas will contribute to the combustion process. In this situation, the increased oxygen used as the 
carrier gas must be subtracted from the oxygen being utilised as the combustion gas in order to avoid excess oxygen 
in the flame.
3.8.4 Stand-off distance
The stand-off distance is defined as the measured distance between the nozzle exit and the surface of the substrate. It 
is the region where interaction between the atmosphere and the powder is most reactive and exposes powder to 
features such as oxidation, turbulence and cooling. Entrainment of air into the flame can increase over longer stand­
off distances and may also result in a de-acceleration of powder velocity over time. Typically, high velocity oxygen 
fuel parameters have stand-off distances set between 150-300 mm depending on the fuel gas and coating powder 
used. In general, shorter distances could result in the flame impinging on the substrate so raising component 
temperatures while longer distances reduce particle velocity and coating density.
3.8.5 Impact angle
An important aspect of thermal spray coatings is the impact angle of the powder particles on the surface in relation 
to the exit from the gun. Thermal spray processes are ideally suited to a normal 90° impact angle but as the impact 
angle changes the amount of powder that adheres to the surface and the quality of adherence to the coating generally 
reduces. Work (Sobolev and Guilemany, 1998) carried out on splat thickness indicated that spraying off-normal 
angle decreases the splat thickness and coating adhesion. In many cases, however, the complex shape of the 
component determines the angle of impact with the possibility of angles reducing to 45°. By mounting the samples 
at a fixed angle of 90° to the gun it is possible to eliminate this adverse effect on the coating characteristics. In final 
production of thermal spray coating manufacture many components are sprayed using robotic systems making 90° 
spraying easier.
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Water
cooling
hoses
Fuel gas 
supply line
F ig u r e  3 .1  P r a x a i r  S u r fa c e  T e c h n o lo g ie s  H V 2 0 0 0  H ig h  V e lo c ity  O x y g e n  F u e l  G u n . T h e  
g u n  s h o w s  th e  w a te r  c o o l in g  h o s e s  a n d  a  m o d i f ie d f u e l  a n d  o x y g e n  g a s  f la m e  
a r r e s to r s  a t  r e a r  to  im p ro v e  th e  f l o w  ra te .
F ig u r e  3 .2  P r o to ty p e  h ig h  p re s s u re ,  h ig h  f lo w ,  a c e ty le n e  s u p p ly  m a n i f o ld  d e v e lo p e d  f o r  
use  w i th  H V O F  e q u ip m e n t.  T h e  m a n i f o ld  s h o w s  tw o  c o n n e c te d  M C P s .
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F ig u r e  3 .3  T h e  s in g le  n o z z le  o f  a  c a rb o n  d io x id e  c o o l in g  s y s te m  m o u n te d  b e s id e  th e
H V O F  g u n  p o s i t io n e d  75  m m  f r o m  th e  s a m p le . T h e  c lo c k w is e  d i r e c t io n  o f  th e  
r o t a t o r  m e a n s  t h a t  th e  C 0 2 w i l l  im p in g e  o n  th e  s a m p le  a f t e r  th e  c o a t in g  is  
d e p o s ite d .
T a b le  3 .1  T y p ic a l  C e r t i f i c a te  o f  A n a ly s is  ( N o m in a l  C o m p o s it io n  o f  y t t r i u m  s ta b i l is e d
z ir o c o n ia ) .  T a k e n  f r o m  P r a x a i r  S u r fa c e  T e c h n o lo g ie s  p o w d e r  h a n d b o o k
Compound Minimum Mass % Maximum Mass % Typical %
Zirconium Oxide Balance
Yttrium Oxide 7 8.0 8.0
Silicon Oxide 0 0.70 0.01
Titanium Oxide 0 0.20 0.16
Aluminium Oxide 0 0.20 0.01
Iron Oxide 0 0.20 0.02
Calcium Oxide 0 0.20 0.07
Magnesium Oxide 0 0.20 0.09
Uranium Oxide + 
Thorium Oxide
0 0.05 0.05
Other Oxides(Total) 0 >1.0 1
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Figure 3.4 SEM image o f the agglomerated and plasma densified powder, Amdry 204B-NS,
(Mag. x 100).
25 pm
Figure 3.5 SEM image offused and crushed H. C. Starck powder 825.090. The angular and fine 
morphology shows the wide distribution o f powder size range between -2+12 pm, 
(Mag. x 1600).
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Figure 3.6 SEM Image o f agglomerated and sintered Alloys International powder (AI-1075). 
The powders are clearly made up o f smaller interlocking powder fractions.
(Mag. x 2000).
Figure 3.7 SEM Image of agglomerated and sintered Praxair powder ZRO 175. Similar
morpholgy to the AI-1075 but with greater volume fraction o f blocky particles. 
(Mag. x 1500).
Blocky fraction
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T a b le  3 .2  N o m in a l  c o m p o s it io n  N im o n ic  C 2 6 3  ( h ig h  te m p e ra tu re  n ic k e l  a l lo y ) .
Nimonic 20% 20% 6% 2.2% 0.5% Bal
C263 (wt%) Chromium Cobalt Molybdenum Titanium Aluminium Nickel
T a b le  3 .3  N o m in a l  c o m p o s it io n  o f  A m d r y  9 9 5 C  p o w d e r  ( - 4 5 +  7 5 p m ).
Amdry 21% Bal 0.5% 8% 32%
995C Chromium Cobalt Yittria Aluminium Nickel
(wt%)
rtj 2. iMiHlwm* tot dittororil 1 \tn n
Figure 3.8 The theoretical flame temperature o f many the common fuel gases based on their 
oxygen consumption. (Figure taken from Welding & Metal Fabrication Sept 1972 
Hewitt. A.D.)
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Figure 3.9 Amdry 995C spherical gas atomised powder (Mag. x 500).
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Chapter 4 Experimental procedure for coating characterisation
4.1 Powder feed rate measurements
The rate at which powder materials can be deposited onto the surface as a coating is an important criterion for many 
thermal spray applications. Coatings, which are as much as 10 mm thick, such as the polyester alumina composites 
used as engine casing abradables, can often be deposited up to 50 kg hr'1. In some thermal spray systems, dual 
powder feeders are necessaiy to increase the powder feed rate. Ah important aspect o f these polyester alumina 
powders is their relatively low melting point range, which can be softened sufficiently by the flame to maintain the 
required high deposit rates. Point accuracy and reproducibility are not key considerations here due to the relatively 
low powder costs. In contrast, the higher value and higher melting point powders, such as yttria stabilised zirconia, 
are used to deposit coatings of only 50 pm at much lower powder feed rates of around 30-40 g min'1. These, 
however, require accurate and consistent powder feed rate mechanisms to deposit thin, but essentially reproducible 
coatings.
In order to achieve this and to accurately control the coating thickness, it was important to know exactly the powder 
feed rate of the YSZ material through the spray system. In the thermal spray industry the Hall Funnel powder flow  
rate procedure (B213-97) is an accepted method of characterising powder flowability. By placing a known amount of 
powder in a funnel of known sized orifice and measuring the time taken to empty that funnel, a flow rate value is 
obtained. Due to the unique nature of the powder hopper used in the work, however, the author considered that this 
would not give a representative powder feed rate value that could be reproduced in practice. Instead, this was 
accurately measured by disconnecting the powder hose from the gun and collecting the powder in a continuously 
weighed container and setting a constant powder feed rate value on the hopper. After allowing the powder feeder 
rate to stabilise, the container was placed on a weigh scales to obtain a direct and continuous readout. Collecting and 
weighing the powder over a period of 10 minutes provided an average powder feed rate in grams per minute through 
the hopper.
It was important to capture as much of the powder within the weighed container, as air borne powder, especially the 
lighter and finer fractions can easily escape from the open container. This method of measuring the powder feed rate 
of the gun is an accepted practice within the thermal spray industry. Due to the absence of back pressure from the 
combustion process, however, it is not a true representation of the powder feed rate during the spray process. It does, 
however, give a comparison of powder flowability and a general indication of the amount of powder entering the 
gun. Other methods that can be used to estimate the powder feed rate include, weighing the amount of powder 
loaded into the hopper and operating the system until the hopper is empty, or using more sophisticated powder 
feeder units with built in weighing systems.
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As a result of the different powder manufacturing processes o f the four yttria stabilized zirconia powders, it was 
expected that the powder feed rates of each powder examined during the project would be different under identical 
carrier gas pressure and combustion back pressure conditions.
4.2 Chamber loading observations
The fuel gas and oxygen combustion process within the chamber of a gun is veiy volatile and turbulent. If the gun 
operating parameters are set up correctly the powder, which is fed axially through the centre of the chamber, will be 
propelled through the chamber and nozzle and exit the gun. If the combustion conditions are not stable, however, 
there is a possibility that the powder could deposit on the surface walls of the combustion chamber or nozzle barrel. 
The gun, and in particular the copper walled chamber and nozzle are water cooled because the thermal energy 
liberated from the combustion process is far in excess of that which can be absorbed by the powder or expelled 
through the gun’s exit. If the combustion process deposits powder on the walls of the chamber and nozzle, it is 
possible that the softened powder could be quenched by the cooling effect of the water-cooled walls thereby resulting 
in solidification of the powder on the walls. This could continue to build up to a level which obstructs the passage of 
the powder through the chamber and nozzle arrangement with a resultant build-up in pressure. If, after a period of 
time, the powder deposited within the chamber were to free itself; the powder could exit the gun with increased mass 
and be deposited on the coating resulting in coating porosity or as an un-melted defect. Figure 4.1 shows an 
extreme case of coating build-up within the chamber. Regular inspection and maintenance of the gun is therefore 
necessary, requiring rigorous cleaning and polishing of the inner chamber and nozzle walls to avoid coating build 
up in scratches or coating deposits. Alternatively, insufficient cooling of the chamber walls could lead to damage of 
the gun. By visual inspection of the chamber before and after spraying samples, it is possible to estimate the degree 
of stability of the combustion process for a specific powder. Further observations at the HVOF console of back 
pressure readings within the chamber can indicate the stability o f the combustion process. High back pressure 
readings indicate a powder blockage whereas a lower back pressure reading suggests insufficient combustion or 
failed ignition o f the flame.
4.3 Investigation of splat formation
The first area for investigation of coating characterisation is the reaction of the powder on impact with the substrate. 
It is a combination of thermal energy, including the heat of combustion and the kinetic energy, such as exhaust gas 
velocity, that influences and determines the degree of deformation or splat formation o f the sprayed powder. Typical 
substrate surfaces for thermally sprayed coatings are required to be roughened to a value of 7-10 pm. With the wide 
powder size distributions ranging between 5-75 pm any visual measurement or observation of deformation of the 
powder on impact with the roughened surface is masked or influenced by the peaks and troughs of the shot blasted 
surface. In order to quantify the splat formation, it was necessary to polish the surface of flat coupons of Nimonic 
C263 to around Ra 0.2 pm average surface finish.
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Typical coating procedures deposit a layer of approximately 25 pm per pass. If the powder size distribution is of the 
order of 2040  pm then considerable overlapping of powders must occur, Investigation into lamellae thickness, or 
single layer thickness per pass was carried out on APS spraying of A120 3. The results indicated that a torch 
travelling at 450 mm sec'1 and a powder feed rate of 65 g min'1 produced at 22.4 pm layer per pass which 
corresponded to 5.7 splats in one layer. It was therefore necessary either to reduce the number of powder particles 
within the flame, potentially influencing the reaction of the flame on a lower volume of powder compared to a fully 
loaded flame or to increase the area on which the same level of powder is deposited. This was achieved by 
increasing the surface speed of both the gun and the sample to a value of 1500 mm sec'1 so that a single deposit was 
clearly identified from other deposits. A further benefit of this procedure is that the substrate temperature remained 
low at 350 K due to the limited period of time the substrate was exposed to the flame. Work using plasma sprayed 
systems (Leger et a l, 1996) showed that the substrate temperature o f polished surfaces has a significant effect on the 
splat formation of YSZ powders. Within the scope of this project, the effect of the process parameters on splat 
formation has been considered, however, consideration of pre or post heat treatment on the coatings has been 
excluded. These procedures are, however, widely used in the industry to achieve enhanced benefits with other 
coating materials. Using both optical microscopy and scanning electron microscopy (SEM) it has been possible to 
observe the individual impact deformation of the powder, estimate the degree of flattenihg and observe any 
additional features of the splat morphology.
4.4 Deposition efficiency
Deposition efficiency is an important aspect of commercially successful thermal spray coatings. It is defined as the 
percentage of powder propelled through the gun which remains on the surface as a coating. The remainder either 
impacts on the component and fails to bond to the surface and falls off or is lost in-flight. A good indication of the 
performance of HVOF spray parameters is a high deposition efficiency value. This could be as a result o f efficient 
softening of the powder particles in-flight. Alternatively, low deposition efficiency values suggest that particles have 
insufficient softening and so do not successfully adhere to the coating. This could indicate that the HVOF spray 
parameters are inappropriate. A further indicator of the deposition efficiency of a powder process parameter 
combination is the investigation of its splat morphology. The presence of significant splat deformation o f the powder 
particles indicates a high degree of softening. The presence of a high level of un-melted or spherical like deposits 
suggests that further deposited layers may struggle to fully bond to the surface.
A second process property that is as important as the deposition efficiency is the target efficiency. This is the 
percentage of the time that the flame and powder particles impact on the substrate or target requiring the coating. 
When spraying complex shapes, such as turbine blades, the time spent actually spraying powder onto the required 
component area may be as low as 30% of the overall spraying process. The remainder of the time the powder may be 
depositing off the component or onto masking material. For example, if  the deposition efficiency value is 50% and 
the gun is only aimed at the coating area for 30% of the spray time then as much as 85% of the powder loaded into 
the powder hopper could be wasted and end up on the floor or in the extraction filters. If the benefits of the coating
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properties are significant, however, then this level of powder wastage can sometimes be acceptable, for example, 
within the aerospace industry.
The author considered it necessary to investigate the YSZ powder morphologies in this work as all powder 
manufacturers claim to have powders with different melting characteristics which ultimately could affect the 
deposition efficiencies.
4.4.1 Measurement of deposition efficiency
By controlling and metering the calibrated powder feed rate, the HVOF spray system can be used to coat a sample 
plate 5x3 cm. This area is large enough to spend a sufficient period of time spraying on the sample plate to produce 
a measurable weight increase of coating while avoiding any over spray. This size o f plate also avoids imparting too 
much heat into the plate and coating which may result in spallation and loss of coating sample on cooling. By 
weighing the plate before and after a known spray period, ranging between 2 and 5 minutes, with the spray stream 
impinging on the plate during the whole period, an accurate measurement of deposition efficiency can be obtained.
Deposition Efficiency (%) = Total mass of powder deposited x 100
Total mass of powder sprayed
Surface roughness can have an influence on the deposition efficiency values so it was important to achieve the same 
surface roughness value (ranging between Ra 7-10 pm ), on all the sample plates used for coating evaluation.
4.5 Coating thickness
The determination of coating thickness has attracted considerable interest in the thermal spray industry and is 
especially important for areas of a coating where access is not possible with a micrometer or where non-destructive 
testing is not an option. Common practice is to set-up fixed process parameters, such as oxygen to fuel ratio, powder 
feed rate and stand-off distance and deposit a coating onto flat test pieces while monitoring the number of passes. 
These deposits are then measured using a micrometer or by cross sectioning and using optical microscopy to 
determine the exact thickness per pass achieved. It is then generally accepted in the industry, that by repeating the 
identical spray parameters on each test component, the same thickness per pass is achieved. This, however, does not 
take into account differences that may occur in deposition efficiency when changing spray impact angles in 
restricted areas. Work (Sobolev and Guilemany, 1998) carried out on other coatings indicated that the deposition 
efficiency decreases as the angle deviates from 90°. Another important control for coating thickness is deposition per 
pass. An accepted practice in thermal spray coatings is to avoid depositing more than 25 pm per pass. If a thickness 
significantly greater than 25 pm per pass is deposited a potential build up of internal stresses can result in 
delamination of the coating. Investigation (Pawlowski, 1995) into the thermal stresses generated after one thick
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pass especially in a coating with low conductivity, such as YSZ, noted that the temperature difference between the 
two faces becomes large, leading to stress generation.
The total coating thickness required depends on the coating characterisation to be carried out on the sample. For 
evaluations such as microhardness, porosity and erosion resistance around a 200 pm is required for a representative 
thickness of the coating and allows sufficient coating loss during erosion tests before the erodent reaches the 
substrate. Other analysis, such as deposition efficiency and surface roughness can be estimated using relatively thin 
coated samples.
4.5.1 Measurement of coating thickness and sample preparation for cross 
sectional analysis
The samples taken for thickness evaluation were selected from the middle of the coating area to avoid thickness 
variations at the edge of the sample. The diamond notched rim cutting wheel, (an Isomet Precision Saw) is designed 
to section various types of rock, glass and ceramics without imparting severe damage into the sample, such as cracks 
or induced surface roughness. The sample is mounted such that the saw makes a 90° contact with the coating first, 
before the substrate is penetrated. This avoids the possibility of the saw action lifting the coating from the surface of 
the substrate when cut from the opposite direction. Cutting speeds are closely controlled to reduce damage into the 
coating surface. Typical sample sizes of 1 cm2 are used for hot mounting in phenolic moulds. The samples are 
mounted side ways onto the moulds exposing the cut coating and substrate interface. Sample mounting is 
recommended for brittle and porous materials and where the coating may detach from the substrate. The planar 
grinding stage uses three grades of silicon carbide paper to reduce roughened material. Progressive use of Grit 60, 
320, and 1200 grind down the samples to a Ra 1-2 pm surface finish which is suitable for accurate measurement of 
surface thickness. Care must be taken to avoid delamination of the mounted sample from the substrate by lapping 
and polishing the coating sample in the direction of the substrate. Microstructural inspection using a calibrated scale 
eyepiece (x 500) gave thickness measurement accuracy to ± 2 pm. Further surface treatment using diamond 
impregnated polishing clothes between 1-0.5 pm was required for microsectional analysis of microhardness, 
porosity and erosion scar measurements. At this stage, the metallographic preparation of the specimen must keep its 
microstructural integrity to ensure that features, such as the porosity and un-melted particles are not affected by 
smearing or the “pull-out” effect.
4.6 Coating and substrate interface
The first layer of coating deposited on the surface of the substrate strongly influences the build up of further layers 
and ultimately the overall cohesive bond strength of the coating. In many cases with thermal spray coatings, failure 
occurs at the bond between the substrate and the coating, as this is generally the weakest area. Entrapment of grit 
particles in the substrate from the roughening process, the presence of voids or porosity at the interface due to the
113
Chapter 4 Experimental procedure for coating characterisation.
incomplete penetration of the softened particles to fill in the roughened surface are readily observed by optical 
microscopy. This is shown later in Figure 7.9a as an entrapped grit particle resulting in a void between the bond 
coat layer and the substrate.
4.7 Surface roughness
Most thermal spray coatings used for complex aerospace components, such as nozzle guide vanes, combustor cans 
and turbine blades are required for service in their “as sprayed” condition. There is no practical or in some cases, 
economical method of post treating the surface finish of the coating. Many ceramic coatings (e.g. Cr20 3) used in the 
print industry on paper rollers, however, are lapped and mirror polished after spraying and then sealed or laser 
engraved before service. It is therefore important when depositing an “as sprayed” coating to be able to measure and 
control accurately its surface finish, in particular, the roughness of the thermal barrier yttria stabilised zirconia 
coatings due to its effect on air cooling.
4.7.1 Importance of surface roughness with respect to thermal barrier coatings
A majority of thermal spray coatings are subjected to some degree of post spray treatment. This could involve 
procedures, such as sealing or impregnating the more porous coatings with inorganic or organic based sealers, heat 
treatment of alloy coatings, fusing the coating to reduce porosity, surface treatment of (he coating such as tolerance 
machining, lapping and finally polishing to produce the desired effect. Due to issues such as the complex geometry 
of the aerospace components and heat sensitivity of the inconel base material, TBC systems generally remain in the 
“as sprayed” condition. It is therefore important to be able to control accurately the surface finish or roughness of the 
YSZ coating. Plasma sprayed YSZ coatings have been used for thermal barrier applications in the aerospace 
industry since the early 1980s. The initial application of the plasma sprayed TBCs was limited to the annular 
surfaces of the combustion cans and nozzle guide vane platforms where they are performing well in service, 
significantly extending the life of the components. Since the microstructures of plasma sprayed YSZ thermal barrier 
systems do not lend themselves to producing coatings with the necessary surface finish required for successful 
application on blade or nozzle guide vane aerofoils, their introduction into the high pressure turbine has been 
limited. For aerofoil applications, the coefficient of friction of the blade’s surface is directly related to the surface 
roughness of the coatings. This in turn influences the heat transfer coefficient and efficiency of the turbine. 
Typically, the roughness of plasma sprayed coatings is of the order of 10 pm causing an increase in the primary loss 
of efficiency in the turbine by 2% (Rickerby and Morrell, 1997). Surface polishing of the coating although expensive 
and time consuming, can bring the surface finish down to 2-3 pm on average but debris erosion and loss of the 
plasma spray coating in service, increases the roughness back to the level before polishing.
It has therefore been necessary for aeroengine manufactures to concentrate YSZ TBC systems development on using 
the electron-beam physical vapour deposition (EB-PVD) process on the high pressure guide vane aerofoils. The 
benefits that these coatings have over their plasma sprayed counterparts is the lower surface finish approaching that
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of a polished metallic blade surface. As mentioned previously, there are a number of disadvantages to the use of EB- 
PVD, including higher values of thermal conductivity, cost of manufacture and line of sight issues. If, therefore, the 
surface roughness of plasma or another sprayed process can be reduced, then the maximum benefit could be accrued 
with the use of thermal barrier systems. High velocity oxygen fuel spraying with its particles with higher kinetic 
energy values, produce coatings with surface roughness values lower than comparable plasma sprayed coatings.
4.7.2 Measurement of surface roughness
The surface roughness of a coating is usually described by the parameter Ra, which is an average of the peak and 
trough heights. The Taylor - Hobson Surtronic 3P stylus instrument was used during the project to measure Ra for 
specific coatings. The sample length, i.e. the distance traversed by the stylus during a measurement, was set at 2.5 
mm. Five readings (accuracy 2%) were taken in different areas along the coating length and at different coating 
thickness. An average of the five measurements was taken as the coating roughness Ra.
Ra is also known as the Arithmetic Average (AA), Centre Line Average (CLA), or the Arithmetical Mean 
Deviation of the Profile.
The average surface roughness relates to the area between the roughness profile and its mean line, or the 
integral of the absolute value of the roughness profile height over the sample length.
When evaluated using digital data, the integral is normally approximated by the following trapezoidal rule:
I
0
l  ^
When shown graphically, Ra is the area between the roughness profile and its Centre Line divided by the sample 
length, L, as shown in Figure 4.3 (normally five sample lengths are taken). Ra is an integral of the absolute value of 
the roughness profile.
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The earliest analogue roughness measuring instruments measured Ra by drawing a stylus continuously back and 
forth over a surface and finding the average electronically. It is fairly easy to take the absolute value of a signal and 
to integrate the signal using only analogue electronics and is the main reason Ra has such a long histoiy.
4.8 Microhardness
The Vickers Microhardness test has become an accepted measurement technique for thermal spray coatings. The 
sprayed specimens are metallographically polished following a procedure to remove any peaks that may increase the 
inaccuracy of the measurement. ASTM E-18-76 outlines the standard procedure for microhardness measurements 
on all types of materials and this was followed. Guidelines for thermal spray deposits include the coating thipkness 
being 10 times the indentation depth. A series of five indents was taken along a longitudinal direction of 10 mm at 
vaiying depths within the cross section. For this study a load of 300g was used on a ceramic material of thickness 
250 pm. In order to measure accurately the diagonals of the indenter precision microscopes (x500) were used to 
measure the sharp defined edge. In some of the porous coatings the edge collapsed and caused crack growth outside 
the indent. Although not a typical representation of the coating, sections of samples were chosen for microhardness 
measurements from areas without severe porosity. In the denser coatings the microhardness reading could be quoted 
with a greater degree of accuracy and assurance due to the lack of cracking from the indent.
All microhardness tests were carried out through the longitudinal thickness of the coating. Microhardness readings 
were not taken from the deposited surface direction as the surface roughness of the coating would make accurate 
reading difficult. One solution would be to polish the top surface, however, TBCs are used in the “as sprayed” 
condition with no post treatment as this may influence the results.
4.9 Porosity and coating defects
Using cross sectioiial optical microscopy (Zeiss Axioscope 1000), porosity and coating defects, such as un-melts and 
interfacial boundaries could be observed. Experience gained through observation of other coating characterisations 
enabled estimation of the size, shape and distribution of defects through the coatings.
4.10 Particulate erosion testing
Thermal barrier coatings are manufactured by plasma spraying and are widely used for hot gas path components and 
also by electron beam physical vapour deposition processes (EB-PVD). The development of these coatings onto 
turbine blade and nozzle guide vane areas is limited due to the poor erosion resistance and surface finish of these 
coatings when exposed to the most exacting conditions, such as temperature and particle velocities.
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4.10.1 Room temperature erosion testing
Particulate erosion testing on the HVOF sprayed yttria stabilised zirconia coatings was carried out between ambient 
temperature and up to 473 K using a high temperature gas gun erosion rig as shown in Figure 4.2. The erodent 
material used in this study was 100-150 pm alumina grit, supplied by Universal Abrasives. The particle feed rates 
used were in the range of 6-9 g m in1 with an estimated particle velocity of 20-30 m sec'1 at 293 K and 50 m sec'1 at 
473 K.
The alumina erodent was gravity fed from a hopper using a screw feeder into a Controlled dry air stream. The speed 
of the screw feed accurately controlled the feed of the erodent without distorting the shape and size of the grit. The 
compressed air stream passed through a moisture trap and flow rates were regulated by a rotameter flowmeter. 
Delivery of the air/grit mixture to the preheated furnace was through a high-density polyethylene hose and a silica 
accelerator tube enclosed by a pre-heater furnace. For room temperature testing, the pre-heater furnace was not used 
but for the higher temperature work the pre-heater furnace as shown in Figure 4.4 was required to avoid thermal 
shock from the colder compressed air impacting on the sample. It was also important to have the air stream running 
for a period of time before the erodent was added to stabilise the furnace temperature.
The erodent was passed along a 200 mm silica glass tube with an exit nozzle of internal diameter 5 mm positioned 
50 mm at 90° to the surface of the sample. It was important to locate the sample erosion zone in the centre of the 
coating away from any edge effects that may influence the weight loss.
Specific erosion was assessed by measuring coating weight loss, this, by measuring the sample after it had been 
cleaned ultrasonically and again after the erosion test. Each room temperature sample was removed and cleaned 
with compressed air and weighed. Each sample was then returned to the exact location for further erosion testing.
It was important that erosion loss for all the range of coated samples was within the thickness of the ceramic yttria 
stabilised zirconia top coat. Complete removal of the ceramic would expose the softer metal alloy bond coat 
increasing total weight loss values for the weaker ceramic coatings. It was therefore necessary to select samples that 
were expected to have the most effective and least effective coatings with respect to specific wear. By modifying the 
erodent mass, air flow rate and nozzle to sample distance, the weight loss of the sample coating could be influenced. 
To achieve this, it was necessary to have a set of conditions that would remove sufficient weight from the selected 
samples, but not to the extent that removal of the coating would expose the bond coat. It was necessary to have a 
sharp defined erodent which was replaced after every test had been run.
4.10.2 High temperature erosion testing
The erosion equipment at the University of Surrey is designed to operate up to a temperature of 1033 K which 
attempts to simulate the conditions and the environment experienced by the high pressure turbine blade in the hot
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section of an aeroengine. Erosion evaluation at the higher temperature was carried out in one continuous run using 
750 g of erodent. This was necessary as it was not practical to remove the sample during the test without affecting 
the thermal history of the coating. The temperature of the furnace is controlled by resistance heaters embedded in 
the walls of the furnace. During the heater ramp-up period it is important to begin the air flow which propels the 
erodent onto the samples without using any erodent. This is to stabilised the heating cycle and to avoid thermal 
shock on initiation of the erosion test where cold air is blasted onto the sample. This phenomenon is also assisted by 
the passage o f air and erodent through a silica glass tube which is also heated by a resistor coil. The erosion rate 
recorded was therefore an average over the whole test and not the erosion rate for each 250 g of erodent. Again, all 
subsequent erosion tests were carried out using new erodent to retain the sharp defined edge of the erodent.
4.11 High temperature oxidation bond coat tests
One of the most critical areas of the TBC is the adherence between the MCrAlY bond coat and the YSZ top coat. If 
exposed to too high a temperature (>1200 K) a thermally grown oxide (TGO) layer will grow at the interface 
between the two layers.
High temperature oxidation tests were carried out at 1300 K for up to 100 hours in static air under isothermal and 
thermal cycle (10 hours cyclic) conditions using a conventional Vectstar electrical furnace. The TBC samples were 
sprayed with the CoNiCrAlY Sulzer Metco bond coat Amdiy 995C with a thickness range between 50-75 pm and a 
200-250 pm YSZ ceramic top coat. The samples (2.5cm x 5.0cm x 3mm) were coated using the HVOF system 
under different spray parameters and were weighed before and after the test Metallographic measurements were 
taken to determine the depth of damage from the ceramic to the bond coat interface or into the alloy substrate to 
determine the area of failure. Various analytical techniques were used for the failure analysis within the ceramic top 
coat and through the thickness of the ceramic bond coat interface. Scanning electron microscopy (SEM), electron 
probe x-ray microanalysis (EPMA) and x-ray diffraction analysis (XRD) were used to determine the phase structures 
within the YSZ, yttria zirconia distribution and to obtain evidence of a thermally grown oxide (TGO) layer. Samples 
were also produced with only a bond coat to highlight the effect of high temperature oxidation on the growth of the 
TGO layer sprayed with the CoNiCrAlY bond coat.
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Fig. 1. Schematic diagram of the hot erosion rig used in this study.
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5.1 Background
In 1998 the aeroengine repair division of Rolls Royce based in Derby took delivery of its first production HVOF 
system for A120 3 coatings of fins and fences of the HP turbine section in the new Trent 800 engine. Rolls Royce 
carried out the development of this coating at its coatings technology centre, MANTEK in Filton, Bristol with 
assistance from BOC Gases. Within 6 months of starting production a fatal accident occurred during operation of 
the equipment forcing Rolls Royce to quarantine all HVOF and plasma spray systems within its organisation. A  
Health & Safety Executive enquiry after investigation recommended that the industry compile its own Code of 
Practice or Guidelines for the safe operation of thermal spray equipment.
A significant section of the Code of Practice covers the installation and operation of gas supply systems for thermal 
spray equipment. BOC Gases involvement in the writing of the Code of Practice meant that many of the 
recommendations made in the design of the HVOF acetylene supply equipment for this project were incorporated 
into the final publication. At the same time Rolls Royce along with BOC Gases carried out extensive risk 
assessments on a number of newly proposed gas supply installations for thermal spray activity within their 
organisations.
Despite this set back, the development of high velocity thermal spray systems has continued. One such development 
is the high-pressure high velocity oxygen fuel system (HP HVOF) which over the past 10 years has been responsible 
for a number of important new advances. The use of liquid fuel hydrocarbons, such as kerosene and diesel, has 
replaced the more traditional hydrocarbon fuel gases, such as propane and propylene that combine with oxygen in 
the combustion process to soften and propel the powder onto the surface of the component. An initial advantage of 
the HP HVOF system was its safety classification with respect to the fuel gas HVOF system. Kerosene, with its high 
ignition temperature and ignition energy was perceived as a safer fuel compared to the gaseous fuel. The ability to 
store, deliver and safely manage large volumes of hydrocarbon energy was a positive advantage of the HP HVOF 
system. One disadvantage of the liquid based high velocity oxygen fuel systems is they operate at higher pressures 
within the combustion chambers and therefore require larger and higher pressure oxygen supply systems. In 
principle, this higher chamber pressure translates into higher gas velocity and higher powder velocity to produce 
denser coatings. The resultant increase in chamber pressures is a result of the higher oxygen pressure essential for 
complete combustion with the concentrated hydrocarbon fuels, such as liquid kerosene or diesel. In replacing the 
fuel gases, such as propane and propylene, with the more economical liquid fuels, the manufactures were required to 
increase the supply pressures of oxygen by as much as 50% and also to increase the flow rate requirement by 400%. 
It was this development that gave rise to the first high pressure high velocity oxygen fuel gun (HP HVOF).
A fuel gas, which enhanced the development of conventional HVOF spraying, was hydrogen (H2). This is a high- 
energy fuel gas stored under compression and deliverable in a wide range of flow rates and pressures, limited only
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by the gas regulator equipment. The general trend with thermal spray processes is to increase the particle velocity 
and its subsequently kinetic energy to deposit denser coatings. Due to limitations in gun design and the economics of 
fuel gases, however, the drive towards higher kinetic energy spraying is not infinite.
It was therefore necessaiy to look for other processes or fuels to provide higher energy to the powder, such as 
increased thermal energy. This has been the basis behind the development of high pressure, atmospheric plasma 
spraying (HPAPS). Here, high temperature plasma (>10,000 K) is combined with higher process pressures and flow 
rates compared to conventional plasma spraying systems. Work (Zierhut et a l, 1998) on the high pressure plasma 
system for TBC development has shown increased microhardness values compared to APS systems. These 
techniques, however, have had considerable problems with reliability and inconsistency and have yet to be accepted 
commercially. It is therefore left to HVOF users to find an alternative fuel with increased thermal energy. Of the 
range o f fuels available on the market one that stands out as an obvious high energy option is acetylene, which has 
the highest achievable flame temperature at a relatively low cost and which is already used in many traditional 
fabrication applications, such as cutting and welding. There are, however, problems with its use as noted in section
3.2.2 and these are now discussed in particular those associated with storage safety and delivery.
5.2 Acetylene
Table 5.1 lists the heat of formation of acetylene and a number of commonly used fuel gases in thermal spraying 
compared with methane, which is the main constituent of natural gas and is at the lower end of the hydrocarbon 
energy properties. The enthalpy of formation, enthalpy of reaction (combustion) and the flame temperature of 
acetylene are significantly higher than for the remaining fuel gases enabling it to soften and spray YSZ powder.
It is, however, the oxygen requirement of acetylene listed in Table 5.1 that limits the use of acetylene for high 
velocity oxygen fuel applications. This low oxygen requirement compared to other fuel gases to produce differing 
flame conditions, limits the total gas flow into the combustion chamber and limits the subsequent gas and particle 
velocity There are generally three ways of setting the oxygen requirement for various flame properties:
• A normal flame, sometimes referred to as a neutral flame, requires sufficient oxygen to combust within the 
flame without being too oxidising, with much of the combustion being supported by the ingress of the 
surrounding air.
• A  maximum flame, the temperature is the high theoretical temperature of a fuel gas and requires more oxygen 
compared to a normal flame, but it is still short of total oxygen for complete stoichiometric combustion.
•  A stoichiometric flame is one where all the oxygen is necessary for complete combustion.
These values in Table 5.1 show that the oxygen requirements for acetylene are considerably lower than other fuel 
gases, making it an economical fuel gas for the conventional oxygen fuel processes used, such as cutting. In HVOF, 
however, where the high volumes and pressures of gases are essential for kinetic energy transfer to the powder, the 
low oxygen requirement to generate a maximum temperature flame is a disadvantage. With other fuel gases, such as
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propylene or propane, the volume ratio of oxygen means that the total volume of fuel gas and oxygen generate 
greater levels of exhaust gases and combustion chamber pressures, which ultimately translate to particle kinetic 
energy. It is the disadvantage of the low oxygen requirement that needs to be overcome by equipment design in order 
to benefit from the other properties of acetylene.
5.2.1 Acetylene equipment modifications
Previous work (Cole, 1995) has been carried out on the HVOF spraying of another high melting point ceramic, 
Cr20 3, with a melting point of 2708 K using acetylene. This work gave a good indication of the parameters 
necessary to produce a dense, low porosity coating while achieving sufficient softening of the ceramic powder for 
measurable deposition efficiency. This required a fuel gas delivery system that maximised the acetylene flow rates 
while minimising any pressure reduction that would occur across the safety equipment necessary to supply acetylene. 
Modifications were made to the flashback arrestors, and the use of manifolded cylinder pallets and high flowrate 
regulators as shown earlier in Figure 3.2 and now Figure 5.1.
These changes included the use of mild steel delivery pipe work, with an increased internal diameter not generally 
specified for acetylene. The system also avoided where possible, the use of long lengths of pipe work in the vertically 
up position or bends and angled pipes as all these would have a detrimental effect on maintaining pressure.
Two areas of control equipment were specifically investigated: flame arrestors which were only supplied for 
acetylene at 152 kPa were the first. The maximum flow rate for the flame arrestor is a function of its smallest 
internal orifice. BOC approval was obtained to use equipment specified for other fuel gases, such as hydrogen. These 
units with their larger internal orifices produced higher flow rates using acetylene, whilst still guaranteeing their 
function as flame arrestors.
The second area of development was the use of gas control regulators. BOC’s engineering requirement for the use of 
acetylene stipulated the positioning of a control regulator on the outlet side of the cylinders. This could, however, 
result in a potential increase of pressure especially in the long pipe length by external heating of the gas. For 
example, on a hot day the temperature of the pipe work could increase by 20 K, the acetylene in the pipe could then 
increase in pressure above 152 kPa following the principle of Charles’ Law. To avoid this scenario, BOC 
recommended positioning a second acetylene regulator at the outlet of the pipe work to avoid higher, unstable 
acetylene exiting the pipe work. The disadvantage of this requirement is that double regulating or having two 
regulators within the system causes significant pressure and flow restriction through each device. The solution 
recommended by the author was to remove the regulator at the exit point thus reducing further pressure restrictions. 
In order to avoid pressure build up within the pipe line a pressure relief value was installed in the pipe work and set 
at the maximum working pressure of 152 kPa. Any external heat increase resulting in a climb in pressure would 
cause the pressure relief value to lift and vent excess acetylene to a safe area outside the laboratory.
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The acetylene supply system used was modified from a standard 2x1 manifold designed to operate from two 
manifold cylinder pallets (MCP), each consisting of 12 cylinders. A primary pressure regulator on the outlet side of 
the cylinders reduces the operating gas pressure to a maximum of 152 kPa, although the cylinder pressure is itself in 
excess of 700 kPa the wall thickness of the cylinder protects the explosive gas from possible impact. A safety shut- 
off valve or slam-shut device isolates the cylinder gas supply from the external equipment if  the pressure rises 1.3 
times above the maximum permissible pressure. Pressure rises could potentially occur either from regulator failure 
or the presence of an external heat source, such as a fire. Further down stream is an in-line safety relief valve 
protecting the distribution pipe work against over-pressure, and vents excess product safely into the atmosphere. At 
the process end of the acetylene supply system a flame arrestor is positioned which is designed to extinguish any 
combustion flashback reaching the pipe work of the installation. This arrestor is always built into the equipment by 
the gas suppliers in case the process does not have its own flame arrestor. An isolation valve to shut off the acetylene 
gas before the console is also located at the termination point of the gas supply system. All these safety devices have 
a significant effect on the pressure drop across each unit due to its design and will adversely affect the flow rate 
achievable through the unit.
In order to maximise the flow rate capacity of the acetylene supply system a number of the flame arrestors are either 
repositioned or manifold in parallel. This potentially increases flow over two arrestors in series or a single on its 
own. Both the slam shut and regulator devices were over sized for the application and the pipe work diameter was 
increased to accommodate larger flows. On the HVOF gun itself further modifications were made by removing a 
small capacity flashback arrestor inside the console and replacing it with a larger capacity unit positioned at the 
entry to the combustion gun. In this way, restrictions to the acetylene flow were significantly reduced. This 
ultimately increased the flow rate capacity by 80% and reduced the pressure drop across the system by 50% (14-21 
kPa) compared to conventional acetylene delivery systems.
A 7 n^hr' 1 flow rate was achieved from the gas supply system, however, due to limitations in the gun and nozzle 
design this higher flow was not usable. This was due to the imbalance of the gas burning velocity property or flame 
speed of acetylene against its gas flow rate in the opposite direction. For example, if  a gas /  oxygen mixture is 
contained inside a tube and ignited at one end the speed at which combustion takes place through the tube is defined 
as the burning velocity. This value will depend on the oxygen to fuel ratio, the type of fuel gas used and the 
dimensions of the tube or in this case the design of the HVOF nozzle and chamber arrangement. If the velocity of 
the un-bumt gas into the combustion chamber is greater than the burning velocity of the combustion flame it 
extinguishes out through the front of the gun. If the opposite occurs and the flame speed is greater than the gas flow 
rate the combustion zone is driven back through the mixing block causing a potential flashback. By increasing the 
total flow capacity above 5.7 m^hr' 1 combined with the required oxygen flow it exceeded the burning velocity of the 
mixture and pushed the combustion zone out of the front of the gun.
Improvements in the acetylene flow rate reached a level where the design limitations on the combustion chamber 
prevented further increase in flow rate as the gas velocity in one direction could not be balanced by the burning 
velocity in the opposite direction. This condition if  modified further, however, might result in one of two situations.
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The flame would either exit the front o f the nozzle thus extinguishing the flame or combustion would occur outside 
the desired combustion chamber resulting in an unsafe condition for water cooling of the gun. Design changes in the 
geometry of the chamber could assist in maintaining higher combustion rates. The use of continuous ignition as the 
combustion extinguishes, such as in the D-Gun ™ is also possible. Both these suggestions, however, would require a 
physical design change in the equipment which was outside the scope of the current project.
5.2.2 Acetylene safety issues
In recent years, a considerable amount of time and money has been spent in developing safer gas supply installations 
after a number of fatal accidents involving fuel gases, shocked the thermal spray industry. Acetylene is rarely used 
as a fuel gas for thermal spraying but it is known for its explosive properties and as such requires promoting in a 
way that reassures potential users that acetylene is a safe fuel gas when used correctly. The following sections 
discuss safety issues, such as cylinder storage management, cylinder separation distances, specific densities, 
flammability, and explosive limits associated with many of the common fuel gases including acetylene, used in the 
thermal spray process. Highlighted in particular, is the necessary safety features built into the acetylene supply 
systems when used for HVOF spraying of yttria stabilised zirconia.
5.2.3 Acetylene cylinder management
Cylinders are pressure vessels which may fail if  they are over-pressurised or weakened by mistreatment, such as 
heating, dropping or rolling. Most acetylene cylinders are protected by pressure relief valves but some older 
cylinders are protected by bursting discs or fusible plugs. Although such devices protect the cylinder from 
catastrophic failure, their operation may give rise to localised hazardous atmospheres. 
Identification labels confirm the contents of cylinders, such as those used for acetylene. Colour coding o f the 
cylinders should be regarded as secondary identification. Clear product identification signs should clearly be shown 
around the installation as cylinder colours do vary in different countries.
The basis of safe acetylene cylinder storage is to ensure that:
•  The cylinders are at low risk of fire engulfinent.
•  Leaks can disperse safely without being ignited.
•  Cylinders are protected from damage and leakage due to falling or tampering.
•  Cylinders do not corrode due to standing in water.
•  Ignition o f stored flammable gases does not impinge on other stored flammable substances.
Acetylene cylinder storage areas must be designated 'No Smoking' and cylinders should stand upright on level 
surfaces with good drainage. Open air storage areas are preferred and should have good natural ventilation. 
Cylinders must be stored according to type with gangways allowing access without risk of knocking cylinders over. 
In the UK, cylinders containing oxygen or oxidising gases, must be separated from other gas cylinders containing
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flammable gases such as acetylene and propane by at least three metres or a fire resistant partition which must be at 
least 2.5 m high. Minimum separation distances for acetylene cylinders are also laid down for site boundary walls 
and possible sources of ignition. Precise minimum distances will depend on the quantities of acetylene stored, but 
are never less than one metre.
5.2.4 Acetylene flammability
The hazards associated with fuel gases are mainly due to their flammability. It is important that sources of ignition 
are kept away from containers and all piping and equipment should be earthed. Combustion is the result of fuel 
gases combining with oxygen to produce carbon dioxide and water. This can only take place if  three conditions are 
satisfied i.e. fuel, oxygen and a source of ignition, commonly referred to as the combustion triangle. Acetylene can 
polymerise with the evolution of heat, generating a chain reaction, which leads to further polymerisation. Acetylene 
readily decomposes to the point o f a deflagration being started, (which does not require the presence of air.) The 
deflagration rapidly progresses into an explosive detonation, given the appropriate conditions and pressure. 
Decomposition inside acetylene cylinders can lead to the cylinders exploding. The properties of the common fuel 
gases vary in terms of their flammability range and auto-ignition temperatures and are quoted in Table 5.2 while the 
ignition energy is detailed in Table 5.3.
As shown in Table 5.2, acetylene and to a lesser extent, hydrogen are extremely flammable over a very wide range of 
concentrations in air. Explosive mixtures are formed on mixing with just a small volume of air or a small volume of 
fuel gas. A further hazard associated with hydrogen is that it bums with an almost invisible flame, making it 
difficult to detect, whereas acetylene burns with a clear blue flame. Another important feature o f fuel gases is the 
extremely low ignition energy. For acetylene and hydrogen, the energies are an order of magnitude less than the 
amount of energy from a spark or heat source required to ignite methane or propane. This makes the location of the 
gases in relation to electrical equipment and other areas of potential ignition points critical. It was primarily because 
of these hazardous properties that the gas safety control panel for the safe supply of acetylene and other HVOF gases 
was designed and built to use in the project.
5.3 BOC acetylene safety control system
A particular concern within the thermal spray industry is the safe isolation and removal in an emergency o f fuel 
gases, such as acetylene and hydrogen, from pipe work within a workshop. In some cases, a thermal spray operator 
may have to negotiate obstructions to locate individual shut off valves in different areas o f the thermal spray facility, 
in order to isolate the gas supply system. In cases of emergency, this is neither practical nor safe and would still 
result in significant volumes of gas escaping into the workshop or continuing as an uncontrolled combustion within 
the gun and pipe work.
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A leading aeroengine manufacturer, Pratt & Whitney Canada, approached BOC Gases to design and develop an 
acetylene fuel gas delivery system for a new thermal spray facility in the United Kingdom. Both companies agreed 
that it was essential for the operator to be able to isolate the fuel gas supply quickly and safely in an emergency. A 
further recommendation was to remove the remaining volume of fuel gas in the pipe work. A situation, however, 
where the acetylene is simply vented to atmosphere would create a greater explosive acetylene air mixture in the 
pipe work. This would pose a greater threat than pure acetylene due to the explosive limits of acetylene between 2- 
82 % volume and the low ignition energy 0.2 mJ. The proposed solution was to simultaneously open an acetylene 
vent to atmosphere and to inject a controlled purge of argon to push out the excess acetylene leaving a non explosive 
mixture. This automatic isolation, venting and purging of the line is operated by pneumatic actuators and is driven 
by argon already used for the thermal spray facility. The system at Pratt & Whitney Canada was also process 
interfaced with the extraction system, the booth mounted gas detectors and an emergency crash stop to shut down 
the system under a variety of emergency situations. The operator from one point can therefore control situations, 
such as extraction failure, high levels of gas detection or an immediate shut down.
This system was originally designed by the author and installed by BOC Gases as part of its thermal spray research 
and development facility at the South London research site, primarily for the use of fuel gases, such as acetylene, 
propylene, propane and hydrogen used in HVOF projects. The panel controls the supply of oxygen, argon, nitrogen, 
propane, propylene, hydrogen and acetylene for both HVOF and plasma processing. The operating panel shown in 
Figure 5.2 shows the inlet of gases piped from outside the facility into the bottom of the unit.
The function of the first device that all the fuel gases and the oxygen must pass through is a pneumatically operated 
actuator that isolates the gases in an emergency. Situations such as extraction failure, high levels of gas detection 
and the manual activation of an emergency stop cause the actuators to close. On the fuel gas lines, a second actuator 
opens, thereby diverting the gas still remaining within the pipe work safely into the atmosphere.
Located down-stream of the actuators, flashback arrestors are positioned to protect the gas cylinders and actuators. 
For the hydrogen and propylene supply systems, only one inline flashback arrestor is required, as there is sufficient 
driving pressure in the cylinder to overcome any pressure drop through the unit. The design of the acetylene 
flashback arrestors, however, is mounted in parallel to compensate for the pressure drop and is used to increase the 
flow through each device as shown in Figure 5.2.
5.4 Gas monitoring and detection system
There has been an increase in awareness of the use of gas monitoring and detection systems in thermal spray 
facilities over the last few years. Companies have recognised how important it is that operators are aware of any 
increase in gas level concentrations approaching legal exposure limits (LEL) for the fuel gases. Appropriate 
positioning of detectors for gases such as acetylene and hydrogen, both lighter than air, are essential for early and 
accurate warnings. These detectors should be mounted as close to the gun as possible and near the roof of the spray
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booth as shown in Figure 5.3 where excess gas w ill build up or in the ceiling space if  operating in an open factory. 
This is due to the specific gravity (0.908) of acetylene being lighter than air.
The recommended installation is to interface the detection systems with the acetylene gas purge facility to identify 
potential risks and react by reducing those risks. It is this type of system that was installed at the BOC Research and 
Development facility that was used to carry out the project work.
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T a b le  5 . 1 C o m b u s t io n  p r o p e r t ie s  o f  c o m m o n ly  u s e d  h y d r o c a r b o n  f i i e l  g a s e s
Fuel Gas
Enthalpy of 
Formation 
kJ kg'1
Enthalpy of 
Reaction 
Vol. Weight 
kJ m'3 kJ kg'1
Flame 
Temperature 
(Max. K)
Oxygen Requirements 
Normal Max Stioch.
Acetylene 7500 685 8650 3433 1.1 1.5 2.5
Butane -4 8 7 1461 8228 3107 4.8 5.6 6.5
Ethylene 1604 520 6350 3197 2.0 2.4 3.0
Hydrogen - 127 21,577 3129 0.36 0.42 0.5
Methane -1005 360 3570 3062 1.6 1.8 2.0
Propane -511 510 550 3101 3.75 4.3 5.0
Propylene 410 550 5950 3169 3.1 3.7 4.5
Slam
Shut
device
F ig u r e  5 .1  H ig h  f lo w ,  h ig h  p re s s u re  a c e ty le n e  s u p p ly  system  f o r  H V O F  s p ra y in g  c e ra m ic s .
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T a b le  5 .2  C o m m o n  p r o p e r t ie s  o f  a  n u m b e r  o f  c o m m e r c ia l  f u e l  g a s e s
Fuel Gas Specific 
Gravity 
(air =1)
Flammability 
Range in Air 
Vol. %
Auto-ignition 
Temp.K 
(in air)
Acetylene 0.908 2 - 8 2 578
Ethylene 1.520 2,2 - 9.5 740
Hydrogen 0.069 4 - 7 5 845
Methane 0.555 5 - 1 5 853
Propane 1.550 2 .2 -9 .5 753
Propylene 1.476 2 - 10.5 733
T a b le  5 .3  M in im u m  I g n i t io n  e n e rg ie s  (m J ) o f a  n u m b e r  o f  th e  c o m m o n  f u e l  g a s e s
Fuel Gas 1. E.
Acetylene 0.02
Butane 0.27
Hydrogen 0.02
Methane 0.29
Propane 0.25
Propylene 0.21
Acetylene
?^lame
Arrestors
Pneumatic
actuators
Figure 5.2 Gas safety control panel dedicated to HVOF installations shows two flame arrestors
mounted in parallel protecting down stream the nitrogen activated actuators.
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F ig u r e  5 .3  L o c a t io n  o f  th e  a c e ty le n e  s e n s o r  p o s i t io n e d  n e a r  th e  c e i l in g  o f  th e  s p ra y
b o o th .
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Chapter 6 Results
6.1 Optimisation programme
The purpose of the optimisation programme was to identify the HVOF conditions that are important in depositing 
yttria stabilised zirconia coatings. Operating the high velocity oxygen fuel process successfully, as mentioned in 
previous chapters, is controlled and determined by many process variables. In order to deposit and control the 
quality of a thermal barrier coating, it is necessaiy to understand the relationship between the process variables such 
as stand-off distance and gas pressures and their influence on coating characteristics such as microhardness and 
erosion resistance. With a greater understanding of these relationships, it was possible to develop and refine the 
optimisation programme in order to achieve the required benefits of the coating.
The optimisation programme shown in Table 6 . 1  was selected to concentrate on two gas related features of the high 
velocity oxygen fuel system and their effect on the different powder morphologies, the total gas flow and the oxygen 
to fuel ratio. First, the oxygen flow rate was varied by ±20 % to investigate the influence of total gas flow on coating 
properties. To investigate the oxygen to fuel ratio, the acetylene flow was maintained constant. The final process 
variable investigated was not gas related and was the stand-off distance, i.e. the distance between the nozzle exit and 
the substrate surface. As discussed in chapter 3, all these main process parameters are both directly and indirectly 
responsible for thermal energy input into the powder and the kinetic energy transfer to the powder in flight before 
impact. Previous work (Meyer, 1962) on heat transfer between combustion gases and powder and momentum 
transfer between gas and sprayed particles indicated that these energies are also inter-related. Over the longer spray 
distances, drag forces and pressure gradients have a greater impact by reducing the in-flight particle velocity, 
however, the longer the particles remain in the flame, the greater is the degree of softening of the powder within the 
hot exhaust gases. Conversely, over the shorter spray distances, the momentum transfer between the gas and sprayed 
particles is influenced less by external forces with reduced time for heat transfer to the particles within the flame. 
This work, however, shows that thermal energy transfer from gas to powder particles is achieved primarily through 
conductive and convective heating and is most effective when the particles are at the beginning o f their flight. For 
these reasons it was decided to concentrate this work on the stand-off distances at the shorter end o f the range used 
for HVOF.
The oxygen to fuel ratio in comparison to the stand-off distance only controls the combustion properties o f the flame 
and thus only effects thermal energy input. Flame temperature and the total heat of combustion AHr (enthalpy of 
reaction) are both functions of the ratio of acetylene to oxygen. Previous work (Hewitt, 1972) showed that the correct 
proportions o f fuel to oxidant required, is defined by a stoichiometric equation that leaves no excess molecules of 
either oxygen or fuel gas on completion of the reaction. For acetylene and oxygen, the stoichiometric equation 
indicates that the oxygen to fuel requirement is 2.5:1. For HVOF applications, however, non-stoichiometric 
conditions are needed to produce higher flame temperatures and greater enthalpy of reactions. Work shows (Hewitt, 
1972) that the oxygen and acetylene ratio for a maximum flame temperature is 1.5:1. Variations selected around this
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ratio were primarily chosen for this project to investigate the influence of total gas flow and not variation in oxygen 
to fuel ratio. This work showed that any deviation away from the oxygen to fuel ratio 1.5:1 lowers the maximum 
flame temperature.
The specific volume of combustion products or exhaust gases which exit the gun propelling the powder at a certain 
velocity and kinetic energy is dependent on the flow rate of the fuel gas and oxygen into the combustion chamber. 
All these specific variables were chosen from considering the results of previous experimental work by the author 
into thermal spray HVOF coating of ceramics. For example, four different stand-off distances were chosen, 75,100, 
150 and 200 mm. Work with other lower melting point ceramics such as chromium oxide and aluminium oxide 
compared to YSZ, using HVOF and acetylene indicated that using shorter or longer spray distances would be 
impractical. Over the shorter distances, the high levels of heat input into the substrate would be too great and cause 
thermal expansion problems. Over the longer spray distances, too high a degree of powder divergence may result in 
the powder projecting outside the flame boundaries, thereby reducing the powder temperature and adhesive 
qualities.
Table 6.1 Optimisation Programme o f Process Parameters
Sample
Number
c 2h 2
flowrate
lmin' 1
o2
flowrate
lmin*1
Oxy-Fuel
Ratio
Supply pressure 
(kPa)
C2H2 o 2
Stand-off
distance
(mm)
Substrate
Cooling
RR1 84 127 1.5:1 152 1034 150
RR2 84 117 1.35:1 152 1034 150
RR3 84 141 1 .6 6 : 1 152 1034 150
RR4 84 127 1.5:1 152 1034 150 C 02 @ 186 K
RR5 84 127 1.5:1 152 1034 1 0 0
RR6 84 117 1.35:1 152 1034 1 0 0
RR7 84 141 1 .6 6 : 1 152 1034 1 0 0
RR8 84 127 1.5:1 152 1034 1 0 0 C 02 @ 186 K
RR9 84 127 1.5:1 152 1034 2 0 0
RR10 84 117 1.35:1 152 1034 2 0 0
RR11 84 141 1 .6 6 :1 152 1034 2 0 0
RR12 84 127 1.5:1 152 1034 75
RR13 84 117 1.35:1 152 1034 75
RR14 84 141 1 .6 6 : 1 152 1034 75
RR15 84 127 1.5:1 152 1034 75 C 02 @ 186 K
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The sample numbers RR1 -  RR15 detailed in Table 6.1 represent the process conditions used on each powder. The 
use of the subscripts (825.090), (Ai-1075) and (Zro  175) in the results after the sample number indicates the powder used 
under that condition. For example RR5 (825.090) is the fused and crushed H. C. Starck Amperit 825.090 powder 
sprayed at 841 min' 1 acetylene flow rate, 152 1 min' 1 oxygen flow rate at 100 mm stand-off distance.
A number of process parameters were kept constant during the optimisation process. First, the acetylene flow rate 
was set and fixed at 84 lmin'1. This figure is based on the achievable flow rate from two manifold cylinder pallets ( 2  
x 1 2  cylinders). These are able to supply and maintain a pressure of 137 kPa at the required flow rate for 30 minutes 
with only a limited recovery period necessary. This flow rate was also fixed as a proportion of the total fuel gas 
volume with oxygen to produce a flame that remained stable within the combustion chamber. Previous work (Cole, 
1996) had indicated that higher total flow rates in similar combustion designs resulted in flames exiting the nozzle 
of the gun due to the imbalance of the burning velocity of the gas in one direction being slower than the gas flow 
velocity.
Both the supply pressures of the oxygen and acetylene were kept constant. The acetylene was set at the maximum 
allowable pressure 152 kPa and the oxygen pressure was set at the manufacturers recommended value of 1034 kPa, 
as used for other coating conditions. No attempt was made to change the supply pressure of the oxygen as 
components within the HVOF equipment, such as the variable area flow tubes, were calibrated at this specific 
pressure. Variable area flow tubes give instantaneous response calibrated to a specific pressure, a specific gas density 
and flow rate range (typically 1-1001 min'1). Accuracy of variable area flow tubes are ± 2% full scale deflection and 
± 1 0 % on the reading of the float.
The variation in the stand-off distances 75 and 200 mm was also minimised due to the shape, length and pressure 
restrictions of an acetylene flame. A shorter stand-off distance could result in a high heat transfer into the substrate 
surface as the flame impinges on the component. A longer spray distance could reduce manipulation of the gun 
when attempting to spray complex parts such as internal cylinder bores. In other HVOF coatings produced using 
different fuel types, the stand-off distance would be over a longer length, for example, WC-Co powders sprayed 
using hydrogen would typical be sprayed over 300 mm. This longer length stand-off distance is possible due to the 
higher gas flow rates and pressures used with hydrogen.
The oxygen to fuel ratio conditions was limited to 1.35:1, 1.50:1 and 1.66:1. Any variation either side of these 
figures could lead to a significantly reduced level of thermal energy of the flame by around 50 K either side of the 
flames theoretical maximum temperature of 3433 K and could therefore have considerable effect on the degree of 
softening of the powder. The oxygen to fuel ratio of 1.66:1 used represents the highest volume of combustion gases 
injected into the chamber. This was used to show that increased combustion gases in the combustion chamber 
increased the exhaust gases that ultimately affected the flames kinetic energy.
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The scope of the project focused on the use of carbon dioxide cooling on samples that had the highest enthalpy of 
reaction. Previously in Chapter 3.2.3, it was explained that liquid carbon dioxide on expansion to atmosphere forms 
a solid snow, cold gas combination. The impingement of solid and gas on the coating substrate resulted in heat 
extraction from the surface. This was due to a combination o f latent heat of sublimation and convection as the 
typical temperatures of the cold gas and solid were below 230 K. Samples RR4, RR8 , and RR15 were produced 
under test conditions which had the hottest combustion ratio and stand-off distances up to 150 mm. These tests were 
carried out to compare the influence of carbon dioxide cooling on the splat powder and the coating properties and 
also to reduce the heat transfer into the substrate which could affect the build up of stresses in the coating from 
thermal expansion differences. Having observed the temperature of samples sprayed at 150 mm to be 373 K, it was 
considered un-necessary to cool the sample RR9 with a stand-off distance of 200 mm as the separation between the 
sample and flame was sufficiently wide at 150 mm to reduce any significant heat transfer into the sample that may 
cause thermal expansion problems.
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6.2 Influence of powder morphology on powder feed rate
The accurate control of process parameters affecting the deposit of powder onto the surface of a substrate is essential 
to produce consistent, quality coatings. Influence on the powder feed rate is one such process parameter that needs to 
be understood as it can have a significant affect on powder softening within the flame and subsequent coating 
thickness. As described in the previous chapter on experimental procedure, the calibration and confirmation of the 
actual powder feed rate, commonly quoted in grams per minute, is measured by collecting and weighing the powder 
feed over a period of time before combustion takes place. This value is then correlated to the powder wheel rotation 
speed indicated on the hopper console. A conversion chart supplied by the manufacturer of the equipment shows the 
relationship between the powder feed rate against the powder wheel rotational speed. It is the rotational speed of the 
wheel (having a series of holes positioned around the circumference), that allows more or less powder through into 
the delivery hose. The higher the rotational speed of the wheel, the greater is the mass of powder pushed through for 
combustion. A metal hammer or tamper is used to push and assist the powder through the holes, with the frequency 
of the hammer being in direct relation to the rotational speed. Equipment suppliers often provide general conversion 
graphs for “metals” and “cermets”, however, there are no quoted values on the graphs for ceramics using HVOF 
conditions.
A further controlling feature of the HVOF powder feeder equipment is the positive pressure of a carrier gas, 
generally argon or nitrogen, which is used to drive the powder through the wheel holes and further along the 
delivery hose. The carrier gas pressure is necessary to overcome gravity, as the gun is often mounted above the 
hopper, and the significant back-pressure created by combustion within the chamber. Neither argon or nitrogen 
carrier gases contribute to the combustion process within the chamber and conversely are detrimental to the benefits 
of combustion. The pressure and flow rate of the carrier gas was kept constant and to a minimum to avoid dilution of 
the flame with an inert gas.
In conventional HVOF spray powder gas combinations, such as depositing tungsten carbide cobalt (WC-Co) 
powders with hydrogen, the powder wheel rotation and powder feed rate are maintained at around 6 - 8  rpm and 
deposit powder at a rate of 60-100 g min' 1 into the chamber. With the yttria stabilised zirconia powder and acetylene 
gas combination, it was important that the carrier gas volume remained low to reduce the potential quenching effect 
of the inert gas during the combustion process. This was also important to avoid reducing the amount of thermal 
energy within the flame ultimately to achieve sufficient softening of the powder. Too high a powder feed rate could 
result in dilution of the flame leaving residual un-melted particles within the coating. Too low a powder feed rate 
reduces the thickness o f coating per spray pass and therefore requires a longer spray time to deposit the required 
coating thickness. This second scenario can be expensive in gas usage and also increases the temperature of the 
component.
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A strong influence on a powders feed rate or its flowability, is the morphology of the powder. It is reasonable to 
assume that a spherical powder with a smooth densified outer shell, like the agglomerated and densified Amdry 
204B-NS, should flow better than the angular shaped fused and crushed Amperit 825.090 powder. Powder 
manufacturers quote Hall values as an indication of powder flowability, which clearly defines the absolute feed rate 
of a powder under gravity through a specific orifice size perpendicular to the flow. The mechanisms of a complex 
powder feeder system operated under gas pressure and through a number of differing hole sizes and restrictions, 
however, will give differing values. This is shown in Figures 6.2.1, 6.2.2, 6.2.3 and 6.2.4. These figures indicate the 
powder feed rate of the four selected YSZ powders sprayed using the Miller Thermal 3620 powder hopper shown 
below in Figure 6.2. All the powders have been deposited using a constant carrier gas pressure, 275 kPa and flow 
rate 20-30 lmin"1 with the powder feed rate wheel set between 2-4 rpm depending on the powders morphology. The 
results of the powder feed rate trials using different powders are now discussed.
Powder
feed
wheel
Figure 6.2 3260 Miller Thermal powder hopper uses inert gas pressure and a gravity fed  rotating powder
feed wheel (see insert) and tamper system.
The equipment specification details supplied by the manufacturers indicated that the powder feed rate of the 3260 
powder hopper was reproducible within ±5%. Tests carried out on the spherical plasma densified Amdry 204B -  NS 
powder indicated, however, that this value was nearer ±10%.
6.2.1 Fused and crushed Amperit 825.090 powder
The Amperit powder was manufactured by the fiision and crushing technique producing a small and narrow particle size 
distribution (-2+12 pm). Powder size range information is an important specification that is supplied by the powder 
manufacturers and is derived from batch testing powder size by mechanical sieve analysis (ASTM Standard B 214-86). For
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the purpose of the project SEM verification was carried out on a small sample of powder. The feature of this manufacturing 
technique is that it produces angular and fragmented powder morphology that creates significant problems when 
attempting to feed through the powder feeder system. A powder wheel setting of 4 rpm would normally be expected to 
deliver around 20-30 g min'1 of ceramic powder (information taken from the manufacturer H. C. Stark’s plasma spray 
manual). The trials shown in Figure 6.2.1 indicate the actual powder feed rate varied between 4-6 g min'1 over a monitored 
10-minute period giving an average powder feed rate of 4.7 g min'1. Observation within the hopper after the trial showed 
powder adhering to the polished walls of the hopper compartment. This feature would normally suggest the presence of 
moisture within the powder. Prior to loading the hopper, however, the powder was dried for a number of days at 340 K to 
remove and reduce moisture. The hopper container itself has a heater jacket operating at 310 K to reduce moisture uptake 
from the carrier gas. Observation during the trial also showed agglomeration of the powder around the powder feed wheel 
and tamper system. This could be explained by the angular powder being compacted by the tamper system used by the 
feeder to force the powder through the controlling orifices. Instead of pushing the powder through the holes, the tamper 
appeared to crush and compact the angular and fine shaped powder around the holes and only forced the powder through 
periodically. Further inspection of the delivery hose after the powder feed tests indicated that a significant mass of powder 
still remained in the hose.
Time (min)
Powder 
Feed Rate 
g min'1 30
Fused and Crushed Amperit 825.090 powder 
Argon 275 kPa , 4 rpm
Figure 6.2.1 Graph showing the powder feed rate o f the angular and fine shapedfused and crushed Amperit 825.090
powder at powder wheel speed o f 4 rpm.
(Argon Pressure 275 kPa, Powder size -2+12pm, Reproducibility 5%, Accuracy, ±  0. lg)
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Table 6.2.1 Total mass ofangular andfine shapedfused and crushed Amperit 825.090powder collected over a 10
minute period.
Measurement Time (min) 1 2 3 4 5 6 7 8 9 10
Total Mass of Powder collected (g) 5 11 15 20 23 26 31 35 40 45
Powder Feed Rate (g min'1) 5 6 5 5 5 4 4 4 4 5
Average Powder Feed Rate 4.7 g  min1
Initial spray runs with this powder gave a measurable deposit As the coating process continued, the powder flow within the 
flame became irregular and appeared to build up in the powder delivery hose, occasionally fleeing itself due to a build up of 
pressure. This resulted in a large sudden release of powder saturating the flame with YSZ and depositing un-melted 
particles on the coating. This load effect was analysed (Vardelle et al, 1992) theoretically on experimental measurements of 
AI2O3 particle behaviour in APS. The particle speed velocity was measured as a function of the powder feed rate. The 
results show that the average velocity of the powder can reduce from 270 m sec' 1 to 240 m sec' 1 with an increase powder 
feed rate of 3 g min' 1 to 33 g min'1. During the ramp down stage of the gun, large quantities of powder were observed 
exiting the front nozzle as a result of a decrease in back pressure within the combustion chamber. Increasing the powder 
carrier gas pressure and the flow rate above the recommended levels 410-482 kPa in an attempt to force the powder through 
more consistently appeared not to have any significant effect on the powder feed rate. If this had been successful, the 
increased dilution of the flame could still have an adverse effect on the flame properties and hence the coating properties. 
Removal of the tamper system was also considered as it appeared to be crushing the angular powder into larger blocks, thus 
preventing free flow. This, however, was rejected as it was outside the scope of this project and also due to the safety 
implications associated with modifying the mechanisms of the feeder.
6.2.2 Agglomerated and plasma densified Amdry 204B-NS powder
The agglomerated and densified powders used in thermal spray coatings, such as the Amdry 204B-NS, have by far the most 
suitable morphology for enhanced flowability and are widely promoted as such. They have a smooth outer shell, a spherical 
shape and a wide size distribution, which enables the powder particles to flow easily together. Agglomerated and densified 
powders have a typical size distribution range of -45+75 pm. In calculating the powder feed rate, the Amdry 204B-NS gave 
feed rates values between 14-18 g min' 1 with an average of 15.2 g min' 1 over the ten minute period. These values are still 
low compared to typical spherical powders used in HVOF but are a significant improvement on tests using the angular 
fused and crushed Amperit 825.090 powder. There also appeared to be less periodic blocking or pulsing of the powder 
within the delivery hose, with the higher powder feed rate beginning to approach the levels that are quoted by the 
powder and powder feeder manufactures for their materials. However, this is still well short of the 60-100 g min' 1 
expected from the same powder wheel speed rate set for other spherical materials. The major difference in powder feed 
rates for this material is the reduced carrier gas pressure of 275 kPa compared to 410-482 kPa used for the lower melting 
point spherical materials. Use of the Amdry 204B-NS powder, showed no powder adhering to the walls of the hopper, no 
compacting around the tamper system and no excessive build up within the hose on ramping down of the chamber 
pressure. This suggests that flowability of the agglomerated and densified powder in this type of rotating wheel, pressure
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differential type feeder is strongly controlled by the gas pressure. Although the project was limited to the use of one design 
of feeder, the author is aware of other types of feeders that use oscillating screw feeders and higher carrier gas pressures. 
These other systems are more accurate in controlling powder feed rates and they overcome some of the industries problems 
with some powder morphologies. They are, however, more complex and more expensive to operate due to the higher 
pressures required.
In an attempt to improve the Amdry 204B-NS powder flow rate, the powder wheel speed was increased to 8 rpm, thereby 
increasing the frequency that the powder could be forced through the holes by the tamper. Without increasing the carrier 
pressure and flow rate, however, no significant improvements in powder feed rate was observed.
Powder Agglomerated and plasma densified Amdry 204B-NS powder
Feed Rate a min
10
0 -I ----------- ------------------------------------------------------------------------------------
1 2 3 4 5 6 7 8 9  10
Time (mins)
Figure 6.2.2 Graph showing the powder feed rate o f the spherical shaped agglomerated and plasma densified Amdry
204B-NS powder at a powder wheel speed o f 8 rpm.
(Argon pressure 275 kPa, Powder size -45+75jam, Reproducibility 5%, Accuracy, ±0.1 g)
Table 6.2.2 Total mass o f the spherical shaped agglomerated and plasma densified Amdry 204B-NS powder
collected over a 10 minute period.
Measurement Time (min) 1 2 3 4 5 6 7 8 9 10
Total Mass of Powder collected (g) 18 34 47 62 74 86 97 111 126 142
Powder Feed Rate (g min'1) 18 17 16 16 15 14 14 14 14 14
Average Powder Feed Rate 15.2 g  min1
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6.2.3 Agglomerated and sintered Plasmalloy AM075 powder
The agglomerated and sintered manufacturing process used for Plasmalloy AI-1075 powder encouraged the 
production of partially spherical powders with some angular faces and blocky characteristics and with a powder size 
distribution of -5+25 pm. A major feature o f this process is the fine interconnecting porosity located within the 
powder particles. Due to the manufacturing techniques, however, the powder size distribution contains a significant 
proportion of smaller and finer powder sizes. These are fragments that are easily created from the break up of larger 
powders made weak by the interconnecting porosity. Another disadvantage with this type of powder is its sensitivity 
to moisture. The interconnecting porosity is able to retain a high level of moisture, making it difficult to dry and 
making it susceptible to agglomeration. The results of the powder feed trial shown in Figure 6.2.3, indicate a 
greater degree of instability of the powder feed rate compared to the other powder types. The feed rate was 
inconsistent and not reproducible even over a short period of time and showed fluctuations ranging from 4 g min'1 to 
7 gm in'1.
A number of techniques were used in an attempt to improve the flowability of the powder. These included drying the 
powder at 340 K for a minimum of 2 hours before use and only keeping the powder in the hopper for short periods 
of time after every sample had been sprayed to avoid moisture take up. In addition, only small volumes of powder 
were emptied into the hopper at any time to reduce compacting. Results from the powder feed, however, were in the 
range 2-8 g min'1 with the average powder feed rate remaining at 5.3 g min'1. This value is comparable to the fused 
and crushed powder but is 65% lower than the plasma densified type powder and is considerably less than the 
conventional feed rates of similar morphologies.
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Powder
Feed Rate g min
Agglomerated and sintered Plasmalloy AI-1075 powder 
Argon 275 kPa , 4 rpm
25
20
1 2 3 54 6 7 8 9 10
Time (mins)
Figure 6.2.3 Graph showing the powder feed rate o f  the spherical shaped agglomerated and sintered 
Plasmalloy AI-1075 powder at 4 rpm powder wheel speed.
(Argon Pressure 275 kPa, Powder size -5+55pm, Reproducibility 5%, Accuracy, ± 0. lg)
Table 6.2.3 Total mass o f the spherical shaped agglomerated and sintered Plasmalloy Al-1075powder collected
over a 10 minute period.
M easurem ent Time (min) 1 2 3 4 5 6 7 8 9 10
Total Mass of Powder collected (g) 5 12 20 24 28 31 34 37 39 43
Powder Feed Rate (g mirf1) 5 6 7 6 6 5 5 5 4 4
Average Powder Feed Rate 5.3 g  min1
6.2.4 A gglom erated  and sintered  ZRO 175 pow der
Though not confirmed by the powder manufacturers, the ZRO 175 powder appeared under SEM investigation to be 
processed by the same agglomerated and sintered technique used for the Plasmalloy AI-1075 powder but with a 
crushing process to produce a greater fraction of blocky particles. Discussions carried out by the author within the 
industry suggested that this technique is a more cost effective method of manufacture but it can result in an inferior 
product with respect to flowability. The results of the powder feed trial as shown in Figure 6.2.4 indicate no 
significant deterioration has occurred in its flow characteristics with the suggestion of some improvement over the 
AI-1075 power. Results from the powder feed measurements showed powder feed rates to be in the range of 9-10 g
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min"1 with an average rate of 9.9 g min"1. In addition, an overall more consistent powder flow was observed 
throughout the 10 minute period with only limited variation being noted.
Powder 
Feed Rate 
g min"1 4 0
35 
30 
25 
20 
15 
10 
5 
0
Figure 6.2.4 Graph showing the powder feed rate o f the spherical shaped agglomerated and sintered ZRO 175
powder at 4 rpm powder wheel speed.
(Argon Pressure 275 kPa, Powder size -5+55 pm, Reproducibility 5%, Accuracy, ±0.1 g)
Table 6.2.4 Total mass o f the spherical shaped agglomerated and sintered ZRO 175 powder collected over a 10
minute period.
M easurem ent Time (min) 1 2 3 4 5 6 7 8 9 10
Total Mass of Powder collected (g) 9 19 29 40 50 59 67 77 89 98
Powder Feed Rate (g min'1) 9 10 10 10 10 10 10 10 10 10
Average Powder feed rate 9.9 g  min1
The preparation techniques carried out for the AI-1075 powder tests to improve flowability, such as pre-heating and 
using small powder amounts, were used with the ZRO 175 powder. These techniques are acceptable in a laboratory 
environment but they may cause considerable drawbacks in an industrial manufacturing operation.
6.2.5 The u se  o f s ilica  flow  en h an cers
To help improve the flow of the powder, a fumed silica flow enhancer was introduced into the process and tested. 
This material has been used in other powder processes in which the control of the flow is a critical factor, such as 
powder hipping (hot isiostatic pressing). Figure 6.2.5 shows a SEM of 5% by weight of a silica flow enhancer added 
and mixed with the angular and fine, fused and crushed Amperit 825.090 powder to improve the powder feed rate.
Agglomerated and sintered ZRO 175 powder 
Argon 275 kPa, 4 rpm
1 2 3 4 5 6 7 8 9  10
Time (mins)
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The larger spherical particles with size distribution ranging between 50-100 pm surround the angular YSZ powder 
and are observed to carry the smaller angular powder along.
Figure 6.2.5 SEM o f silica flow enhancer (5% by weight, size range -50+100 /am). (Mag. x 150).
The results in Figure 6.2.6 show a significant improvement in powder feed rate by over 217% to 10.2 g min'1 
compared with 4.7 g min'1. The results also show that powder feed rate using the enhancer gradually improved with 
time approaching the levels of the spherical powders after 10 minutes as thorough mixing took place. It was 
anticipated that this flow enhancer could be used to deliver the powder to the chamber where it should then bum off 
in the acetylene oxygen flame. This is discussed later in Section 7. One disadvantage with the use of the flow 
enhancer was the handling difficulties as its use of only 5% by mass increased the volume of the powder 
significantly due to the very low density of the filmed silica.
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Powder 
Feed Rate 
g min"1 40
Fused and crushed Amperit 825.090 powder & Aerosil 
Argon 275 kPa, 4 rpm
Time (min)
Figure 6.2.6 Graph showing the effect o f a fumed silica flow enhancer on the powder feed rate o f the angular and
fine shapedfused and crushed Amperit 825.090powder.
(Argon Pressure 275 kPa, Powder size -5+100 pm, Reproducibility 5%, Accuracy, ±0. lg)
Table 6.2.5 Total mass o f the angular andfine shapedfused and crushed Amperit 825-090powder and 5 wt. %
Aerosil ™ collected over a 10 minute period.
M easurem ent Time (min) 1 2 3 4 5 6 7 8 9 10
Total Mass of Powder collected (g) 5 11 15 20 23 26 31 35 40 45
Powder Feed Rate (g min'1) 5 6 5 5 5 4 4 4 4 5
Total Mass of Powder and 
Aerosil ™ collected (g)
9 19 27 39 50 59 69 84 99 116
Powder and Aerosil iM Feed 
Rate (g min'1)
9 10 9 10 10 10 10 11 11 12
Average Powder Feed rate with added Aerosil m  10.2 g  min1
6.2.6 Summary o f pow der feed  rates
Currently, the commercial spraying of aeroengine turbine blades to give thermal barrier protection using plasma 
spray processing involves spraying times in the order of minutes. The erratic fluctuations in the powder feed rates 
observed with the angular and fine shaped 825.090 powder and to a lesser extent the feed rates of the spherical 
shaped AI-1075 and the ZRO 175 powders will cause problems. The problems will result from different masses of 
powder being delivered over a short period of time without having the opportunity to level out over longer run times. 
This would be especially significant when depositing small limited amounts of material for thin coatings, proving
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difficult therefore to control and reproduce constant thickness. Using these types of powders in other thermal spray 
equipment, such as plasma spray systems in the aerospace industry, however, has delivered higher powder feed rates 
that are acceptable to production spraying, including those delivered using the difficult fine and angular 825.090 
powder.
As noted later in section 6.4, however, this characteristic can be negated as the low deposition efficiency of these 
powders result in longer spray periods. In addition, as noted earlier in this work, a key consideration with the project 
is the design of the powder feeder used and its reliance on the carrier gas pressure to deliver the powder along the 
hose at a uniform rate. This is highlighted when the plasma densified spherical powder is used. This powder is 
promoted for its excellent flow characteristics. Despite this, the level of powder delivered into the chamber was 20- 
30% of the expected powder feed rate.
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6.3 Influence of powder morphology on splat formation
The reaction of the powder on impact with the substrate i.e. its splat formation or splat morphology, during plasma 
spraying of thermal barrier coatings has been an area for considerable investigation. This work has looked at the 
combinations of numerous effects, such as thermal energy, heat of combustion, powder kinetic energy and exhaust 
gas velocity, substrate temperature and the powder morphology, to determine the degree of deformation or splat of 
the particle on the substrate and its subsequent influence on the coating properties. This section concentrates on the 
influence of powder morphology and its significant effect on splat formation.
6.3.1 Agglomerated and plasma densified Amdry 204B-NS powder
The plasma densified outer shell of the Amdry 204B-NS powder, though excellent for improved flow characteristic, 
did not readily promote heat transfer into the porous interior of the powder. These larger, poor conducting, dense 
particles compared to the other types of powder are tailored for use in the high energy plasma environments 
associated with APS systems. The lower energy flame of the HVOF process relies solely on conduction and 
convection as thermal energy is transferred from the gas to the powder particles. The heat transfer in this case was 
insufficient to break down the densified layer of the powder and result in significant deformation of the powder to 
enable it to adhere to the substrate and produce a measurable thickness. The higher level o f kinetic energy 
transferred from the moving gas stream, compared to the APS and VPS techniques, was also insufficient. The 
temperature rise of the powder on impact was insufficient to break down the hard outer case and collapse the dense 
outer shell. To melt the larger particles and especially those with poor conducting properties like YSZ, it is 
necessary to choose test conditions that lead to intensive evaporation from the particle surface. The aim was to 
achieve a temperature gradient inside the particle to fully soften the interior of the powder particle. This condition 
was not achieved using the HVOF flame.
Figure 6.3.1 shows a powder splat imprint remaining on the polished substrate. Only a circular shaped deposit o f 
fines and debris from the powder particles surface remain as evidence of impact. Varying the stand-off distance 
outside the accepted parameters still appeared to have no effect. Reducing the stand-off distance to 50 mm to take 
advantage of the high exit velocities or increasing the stand-off distance beyond 200 mm to increase the dwell time 
within the flame, failed to improve the deposit rate. An attempt was made to source a smaller spherical size plasma 
densified powder to test if  the outer shell of the powder would be thinner and easier to penetrate. This was 
unsuccessful as the required manufacturing process of the powder restricts the size distribution o f the plasma 
densified powder and therefore limits the size of particles produced.
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Fines and Debris
Figure 6.3.1 SEM image o f a spherical Amdry 204B-NS splat impact area with no particle deposit (Mag. 
X300).
6.3.2 Fused and crushed Amperit 825.090 powder
The much smaller and angular shaped morphology of the 825.090 powder compared to the spherical plasma 
densifed powder, resulted in greater softening especially at its fine edges, thus generating a greater number of splats 
under identical spray conditions. Figure 6.3.2 shows a number of small splat deposits associated with the lower 
fraction of the size distribution -2+12 pm around the outside of a larger splat in the centre of the image. Complete 
thermal softening of the narrow edges of the fine but dense angular powder is easier than the larger but more porous 
spherical powder, as the heat transfer is related to the particle diameter and thermal conductivity. The heating of 
particles without a thermal gradient did not occur in the larger spherical plasma densified powders but is possible 
with the high conducting materials, such as metals and alloys, or with small particles of poor heat conducting 
properties, such as the small fine powders of the angular YSZ 825.090.
The larger splat of approximately 20 pm diameter observed in the centre of Figure 6.3.2 shows evidence of solid 
solidification cracking within its core. This microstructure shows a non-homogeneous grain structure measuring 
around 1 pm and 5 pm in diameter, (see Figure 2.15b). This random sized inhomogeneous grain structure is a result 
of rapid solidification of the low temperature (350 K) substrate tested. This compares to the more homogeneous finer 
(120 nm to 150 nm) grain structure observed on higher substrate temperature work (Leger et al., 1996) carried out 
using YSZ deposited from a plasma spray system. The grain cracking is not evident at the edges of the splat and is 
only present at centre of the deformed splat. This effect is commonly seen in plasma sprayed YSZ splats and is an 
initiator for vertical crack growth, an essential feature necessary for thermal expansion during thermal cycling of 
TBCs.
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The degree of flattening of a splat can be defined as the ratio of its diameter to the diameter of the impinging powder 
particles. Previous work (Trapaga and Szekely, 1991) showed that the degree of flattening increases with the 
temperature and velocity of the powder particles. An increase in velocity at impact results in an increase in kinetic 
energy, whereas a rise in temperature corresponds to a decrease in the materials dynamic viscosity and thus its 
viscous force on flattening. Therefore, an increase in flattening comes with a decrease in splat thickness. The effect 
of powder morphology on the splat formation in this current project was carried out using identical HVOF process 
parameters, which operated at similar flame temperatures and gas velocities to those observed by Trapaga and 
Szekely (1991). Powder particle size and morphology, however, will strongly influence the particle velocity and 
subsequent kinetic energy on impact. The degree of flattening shown in 6.3.2.1 is around 3 assuming the typical 
powder size on impact is 6 pm (-2+12 pm) and the splat diameter is 18 pm. This compares favourably with the 
degree of flattening values that are exhibited using plasma sprayed systems but with larger powder sizes
Pancake splat 
formation
Figure 6.3.2.1 Pancake splat formation offused and crushed 825.090 YSZ powder (Mag. x 1400).
The shape of the splat formation from the 825.090 powder compares favourably with a study (Houben, 1988) on the 
APS spraying of AISI 316 stainless steel powder. Although the particle size is larger (-75+63 pm) and has a lower 
melting point, the two distinguishing principal forms of splashed lamella, the flower and the pancake are observed. 
Figure 2.13 shows illustrations of these forms. A synthesis of the results confirms that the pancake splats obtained 
are as a result of using less energetic techniques, such as flame spraying.
The angular fused and crushed YSZ powder morphology has near theoretical density with the larger particles 
(12pm) within the narrow the size distribution requiring a significant amount of heat to fully soften the interior of 
the powder. This is especially the case in low heat conducting materials. Figure 6.3.2.2 shows a splat in which its 
interior is not sufficiently softened, so little or no deformation has occurred in the interior of the splat. The image 
suggests that the angular comers have sufficiently softened to adhere to the substrate but have left a hard centre 
protruding upwards with a degree of flattening of just over 1. In the finished coating, the subsequent layers
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enveloped this un-melted region. This then becomes an un-bonded region with a low cohesive bond strength within 
the thermal barrier, resulting in removal of the coating under erosion during service.
Thermal spray coatings are not homogeneous because they spray powders with different sizes and differing 
morphologies. Moreover, powder feeders do not always give a constant feed rate. In some thermal spray systems, the 
movement of the arc or flame used to soften the particle may affect the particle temperature and dwell time in the 
flame. Due to these factors the particles arriving at the substrate can be molten, partially molten or un-melted and all 
have different velocities. The partially melted or un-melted particles do not adhere to the previously deposited 
coating and on contact to some lamellae or coating layers may generate pore sizes of just a few micrometers.
Un-melted regions 
within the splat
Figure 6.3.2.2 Splat formation o f the fused and crushed 825.090 YSZ powder showing un-melted centres
(Mag. x 6000).
6.3.3 Agglomerated and sintered Plasmalloy AI-1075 powder
Both the AI-1075 and ZRO 175 powders exhibited similar splat formation on impact. The agglomerated and 
sintered manufacturing process produces an open and interconnected porosity without a densified outer shell present 
unlike the Amdry 204N-BS which has a densified outer shell. This open-lattice work of pores and passages allowed 
substantial heat transfer into the interior of the particles during its residence time within the flame. Figure 6.3.3 
shows considerable deformation on impact with the area of deposit covering a greater surface area when compared 
to that of the fused and crushed powder shown in Figure 6.3.2.1 The typical powder size of the AI-1075 is much 
larger than that of the 825.090 powder. Figure 6.3.3 shows that splat deformation has reached a level where 
disintegration and separation of the splat from the centre has occurred. This is possible if the kinetic energy release 
at impact is greater than the surface tension forces of the YSZ powder. This energy release is evident in the AI-1075 
splat shown in Figure 6.3.3 but less evident in the splat formation of 825.090 detailed in Figure 6.3.2.1, suggesting 
that the larger agglomerated and sintered particles of AI-1075 have greater kinetic energy on impact than the 
smaller angular and fine powders. This is the case as momentum transfer in-flight of the HVOF gas particles to the 
powder particles is greater for larger particle diameters with greater mass under identical spray conditions.
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Therefore, the interconnecting porosity within the powder does not reduce the density sufficiently in the AI-1075 
powder to effect kinetic energy levels on impact, compared to the denser 825.090 powder.
Figures 6.3.2.1 and 6.3.3 indicate that the smaller particle of 825.090 undergo a greater degree of flattening 
compared to the larger AI-1075 particles. The AI-1075 particles with a typical size of 15 pm (-5+22 pm) have a 
degree of flattening value of 1.5. This observed decrease in flattening alongside an increase in the impinging 
particle size diameter can be explained by the lower temperature of the larger particles. Although the kinetic energy 
of the larger particles is higher, the associated viscosity is also higher due to the lower temperatures that adversely 
affect the degree of flattening.
The impact splat of the AI-1075 powder also shows a greater degree of peripheral projections or splashing. It is 
known that substrate temperature and particle size has a strong effect on the shape of the splats deposited by thermal 
spraying. Investigation (Bianchi et al., 1994) has been carried out into the effect of particle size distribution and 
substrate temperature of YSZ splats. A smooth surface kept at low temperature exhibits distorted shapes with finger 
like perturbations, while high temperature substrate splats have lenticular or disk like shapes with no noticeable 
evidence of splashing. Work (Fukumoto et al., 1998) has reported that the splashing effect is caused by rapid 
solidification of the splat below its hypercooling temperature. If the temperature of the bulk substrate remains above 
this hypercooling temperature and therefore in the liquid phase, crystallization is delayed until the splat has spread 
out as a disk. Only conduction and radiation losses decrease the temperature below the hypercooling point and 
nucleation occurs throughout the entire volume. Measurements of the cooling rate of low temperature substrates are 
around 140 K pm'1.
Splat separation 
indicating high level 
of deformation
Figure 6.3.3 Flower splat formation o f the agglomerated and sintered Plasmalloy AI-1075 YSZ powder (Mag
x3000).
151
Chapter 6 Results Influence o f powder morphology on splat formation
6.3.4 Plasma sprayed agglomerated and sintered ZRO 175 powder
Figure 6.3.2.1 and Figure 6.3.3 contrast significantly with Figure 6.3.4 which shows the agglomerated and sintered 
ZRO 175 powder splat sprayed with the air plasma spraying process. The high thermal energy levels and 
temperatures associated with plasma spraying are in-excess of 10,000 K and result in considerably greater heat 
energy transfer into the powder in flight. This results in significantly greater deformation of the particle at impact 
and different splat formation on the polished surface. Figure 6.3.4 shows considerable evidence of disintegration and 
splashing as the kinetic energy released at impact is greater than the surface tension of the YSZ keeping the liquid 
together.
The degree of flattening for the plasma sprayed splat is also higher than those detailed in both the SEM images 
shown for the HVOF splats of 3 and 1.5. The degree of flattening for the APS splat shown in Figure 6.3.4 from a 15 
pm powder particle from the range -5+22 pm is 4 with no central core of material and no presence of solidification 
cracks, compared to those detailed Figure 6.3.2.1 The study (Houben, 1988) on splat morphology showing the 
distinguishing flower form illustrated in Figure 2.13 is mostly connected with elevated temperatures and high heat 
content such as the more vigorous APS on metal alloys. The less energetic technique, such as flame spraying is 
associated with the pancake type splat. The results show that the angular and fine splat morphology of the fused and 
crushed technique produce pancake like impacts with a high degree of flattening. The agglomerated and sintered 
process that produce the spherical and porous powders resulted in more flower type splats but as shown, using the 
plasma sprayed process and an identical powder, far more splashing of the YSZ can be achieved. The spherical shell 
of the plasma densifed powders Amdry 204B-NS proved too difficult to soften using acetylene with HVOF to 
produce a measurable coating deposit. This powder has, however, a number of aerospace specifications for use as 
thermal barrier protection coatings using APS. This is a clear indication of the significant benefits of thermal energy 
over increased kinetic energy when using any type of powder morphology.
Flower splat 
formation
Figure 6.3.4 Flower splat formation o f the plasma sprayed agglomerated and sintered ZRO 175 powder (Mag.
x 1200).
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6.3.5 Summary - Splat morphology
The expected benefit of the HVOF process compared to the APS and EB-PVD systems was the increase kinetic 
energy of the impacting particles arising from the transfer of momentum between the flame and the powder. The 
dense, wear resistant coatings produced using lower melting point materials has limited advantages when used with 
the higher melting point powders. In the case o f HVOF spraying of YSZ, the powder morphology is the major factor 
in determining the splat morphology and ultimately the coating structure and powder deposit rate. The results show 
that the size and the internal porosity are the important factors when determining the viscosity of the material and 
its associated degree of softening and flattening.
The deposit process of HVOF spraying has a number of variable and uncontrollable parameters. These include 
powder sizes ranging from 2-75 pm, and the differing powder morphologies varying from theoretically dense to 
high levels of interconnecting porosity. Also of consideration is the powder trajectory which can take the particles 
through any point in the acetylene flame from the hottest region o f 3500 K through to the cooler outer edges. It is 
therefore, difficult to accurately predict the overall behaviour of a powder coating. Many different splat deformations 
arising from the same powder can be observed in a single sample. Figure 6.3.5 shows this effect and is a good 
example of how differing splat observations can be achieved within a small area of the coating (150 pm x 150 pm) 
using the same process parameters. In the upper left area of the sample, a splat (a) can be observed that has 
remained bonded together near the centre of the impact with little spreading of the tentacles, exhibiting a pancake 
type splat. In the upper right area there is a larger powder impact (b) that, due to lack of softening, has failed to 
deform on impact and remains prominent on the polished surface. Immediately below this, is an example of a high 
deformation splat (c), similar to that observed by plasma sprayed ceramics, exhibiting a flower structure where the 
energy on impact has been sufficient to overcome the surface tension of the particles. Surrounding all these impacts 
are the presence of fines or small debris particles (d) that loosely adhered to the surface with little or no bond 
strength. These fines are either removed by the deposit o f the next layer or remain trapped between deposit layers 
resulting in potential lines of weakness within the coating. This small image clearly shows the complexity of 
interactions that take place to form a complete coating structure.
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Figure 6.3.5 Multiple splat formation types o f the agglomerated and sintered AI-1075 YSZ powder deposits
(Mag. x 700).
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6.4 The influence of process parameters on deposition efficiency
Deposition efficiency (DE) is an important consideration for the commercial success of a thermal spray technique 
and powder combination. There are two figures that are generally quoted when the powder process parameters are 
published by suppliers. One is the DE and the other value is the powder deposit rate (kg min'1). The value of DE, 
however, can be misleading when it comes to depositing a coating on an actual component, especially if  the coated 
surface area is small or the time spent spraying the component is short. This is the case where a ceramic powder is 
being sprayed by a high velocity oxygen fuel system onto small turbine parts. DE, however, is the best value to use 
when comparing the coating deposit efficiencies for individual powders and process parameters.
Deposition efficiency is measured as the percentage of powder that adheres to the component compared to that 
which is fed through the gun. It is not possible to measure this value for a specific component unless the spray 
stream is impinging on the surface of the component for the whole period. A more process related value is the target 
efficiency, which is the period of time the powder stream is impinging on the component area and not what is 
sprayed off the component or onto masking material. It is, however, the deposition efficiency value that is always 
quoted by suppliers and it is a general indication of the quality of the coatings being deposited. For instance, a low 
deposition efficiency suggests that insufficient softening of the powder is occurring within the flame resulting in 
lack of deposits which may be partially un-melted or lacking adhesion. Conversely, if  the DE is high then the 
powders are exhibiting maximum thermal input before impact and generally result in denser, lower porosity and 
well adhered coatings. The powder feed rate discussed in section 6.2 is also an important factor when quoting DE 
values. Measurements of DE are less meaningful if  the powder feed rate is low, as a small percentage o f a low 
powder feed rate is not a commercially viable process. Charging or loading the flame with too high a powder feed 
rate can result in a reduction of the heat transfer from the flame to the particle, effectively cooling down the flame. It 
is therefore important to use acceptable powder feed rates when quoting deposition efficiencies.
It is important to understand the influence of variations in the process parameters, such as stand-off distance and 
oxygen to fuel ratio, on deposition efficiency to optimise the process parameters for each individual powder type.
The spray times for measurement of deposition efficiency were varied and ranged from 2-5 minutes depending on 
the temperature of the plate. This was necessary as changes in the stand-off distance could affect the temperature of 
the plate. This is especially important for the shorter stand-off distances as the flame impinges closer to the plate 
resulting in an increase in temperature. Close monitoring of the plate temperature was necessary to avoid potential 
coating cracking and spallation due to the thermal expansion differences between the ceramic coating and mild steel 
substrate. The plate was held at temperatures below 473 K for all the experiments.
The reproducibility of the deposition efficiency tests strongly depend on the reproducibility of the powder feed rate. 
As noted in section 6.2, the reproducibility of the powder feed rate has been found to be between ± 5 -  10%. The
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reproducibility values can be applied to the deposition efficiency as the powder lost during the tests is zero at the 
shorter stand-off distances and negligible at the longer stand-off distances due to the size of the target plate.
Table 6.4 HVOF process parameter* for deposition efficiency measurements
Sample
Number
C2H2 
flow 
rate 
(I min'1)
o2
flow rate 
(I min'1)
Oxy-Fuel
Ratio
Stand-off
Distance
(mm)
RR1 84 127 1.5:1 150
RR2 84 114 1.35:1 150
RR3 84 141 1.66:1 150
RR5 84 127 1.5:1 100
RR6 84 114 1.35:1 100
RR7 84 141 1.66:1 100
RR9 84 127 1.5:1 200
RR10 84 117 1.35:1 200
RR12 84 127 1.5:1 75
RR13 84 117 1.35:1 75
RR14 84 141 1.66:1 75
6.4.1 Deposition efficiency of the agglomerated and plasma densified Amdry 
204B-NS powder
The spherical agglomerated and densified powder with the highest value powder feed characteristics was deposited 
using variations in stand-off distance and oxygen to fuel ratio. No measurable deposit could be achieved under any 
of the process parameters. On a number of the plates, the mass was reduced by loss of embedded grit from the 
surface. As detailed in section 6.3 on splat morphology, the plasma densified shell of the Amdry 204B-NS did not 
readily promote heat transfer into the porous interior of the powder to allow sufficient deformation on impact to 
produce a measurable deposit. It was expected, that the higher kinetic energy levels of the powder particles on 
impact using the HVOF system, would have a significant influence on the deposition efficiency. In particular, this 
was the case during production of samples RR5 (204b-ns> and RR12 (2o4b-ns) with the systems operating at the shorter 
stand-off distances (100mm and 75mm respectively) and at the maximum temperature oxygen to fuel ratio of 1.5:1. 
The results indicate that the momentum transfer over the shorter distances is insufficient to deform and collapse the 
dense outer shell of the powder particle. The energy transfer on impact from kinetic energy to an increase in particle 
temperature and the conductive thermal energy of the flame to the powder in-flight is less than the molten energy 
required to evaporate the outer shell necessary to deform large poor conducting particles. The splat morphology
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shown in Figure 6.3.1 in the previous section, details a powder splat imprint with only a circular deposit of fines left 
from the powder surface as evidence that the powder impacted the substrate.
Table 6.4.1 Deposition efficiency values for the agglomerated and plasma densified Amdry 204B-NS powder 
(Average powder feed rate 15.2 g  m in1)
Sample Number Initial 
mass of plate 
(9)
Final 
mass of plate 
& coating 
(9)
Mass
Difference
(9)
100% = 45g
Deposition
Efficiency
(%)
RR1 (204B-NS) 389.87 389.80 -0.07 0
RR2 (204B-NS) 384.72 384.60 -0.12 0
RR3 (204B-NS) 382.93 383.01 0.08 0
RR5 (204B-NS) 357.30 357.75 0.45 0
RR6 (204B-NS) 355.38 355.60 0.22 0
RR7 (204B-NS) 350.34 350.20 -0.14 0
RR9 (204B-NS) 349.56 349.65 0.09 0
RR12 (204B-NS) 347.39 349.46 2.07 0.5
RR13 (204B-NS) 320.88 321.56 0.68 0
RR14 (204B-NS) 320.01 320.05 0.04 0
Accuracy ±0.1 g
An attempt to simulate the conditions that may occur within the plasma flame in relation to thermal energy transfer 
was tested with sample number RR9 (2o4b -n s >  With APS spraying, the limited kinetic energy generated by the low 
pressure and subsequent low momentum transfer of the plasma gases to the powder, is compensated by the high 
energy heat input. The heat transfer into the powder, including powders with poor conductive materials, such as 
YSZ, is sufficient to fully soften the large particles to cause splat formation. By increasing the stand-off distance to 
200 mm the loss of kinetic energy from the HVOF process through increased drag was negated by the increased 
thermal energy from the longer dwell period during which the powder remains in the flame. There was no 
measurable increase in deposit indicating that the thermal input by the acetylene flame, even at the high oxygen to 
fuel ratio, was insufficient to soften the powder.
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6.4.2 Deposition efficiency of the fused and crushed Amperit 825.090 powder
Table 6.4.2 Deposition Efficiency valuesfor the fused and crushed Amperit 825.090powder
(Average powder feed rate o f  4.7 g  m in1)
Sample
Number
Initial 
mass of Plate 
(9)
Final 
mass of plate 
& coating 
(fl)
Mass
difference
(9)
100%= 45g
Deposition
Efficiency
(%)
RR1 (825.090) 212.7 214.5 1.8 4
RR2 (825.090) 231.4 231.4 0 0
RR3 (825.090) 219.7 219.9 0.2 0
RR5 (825.090) 237.5 241.5 4.0 9
RR6 (825.090) 225.1 227.0 1.9 4
RR7 (825.090) 227.7 227.7 0 0
RR9 (825.090) 216.9 217.5 0.6 1
RR12 (825.090) 210.4 214.5 4.1 9
RR13 (825.090) 207.2 208.1 0.9 2
RR14 (825.090) 205.4 205.5 0.1 0
Accuracy ±0.1 g
The deposition efficiency values of the angular fused and crushed powder was expected to give similar results to the 
Amdry 204B-NS powder. This, as the difficulties experienced with the powder feed rates were similar due to a lack 
of flowability. The limited success in depositing a coating with a powder and aerosol feed rate of 15 g min'1 suggests 
that a powder that only flows between 2-5 g min'1 will deposit considerably lower levels o f coating.
The results indicate that the much smaller and angular shaped morphology o f the fused and crushed 825.090 powder 
allowed melting to occur at its fine edges, generating splat formation and measurable deposits. The results detailed 
in Figure 6.4.2 show that a decrease in the stand-off distance produces an increase in the measured deposition 
efficiency for a given oxygen to fuel ratio. Samples RR5 (825.090) and RR12 (825.090) both produced the highest DE 
value of 9% using the shorter stand-off distances o f 100 mm and 75 mm respectively. Both tests used the same 
oxygen to fuel ratio of 1.5:1 and represent the highest level of thermal energy available to the powder from the 
flame. The particles also maintain the highest momentum transfer over the shorter distance in the form of kinetic 
energy before the drag force affects the particle velocity. The effect of increased drag force and other possible 
external forces, such as gravitational force, is shown in Figure 6.4.2 where DE drops to 4% at a stand-off distance of 
150 mm and is further reduced to 1% efficiency at 200 mm. The DE in these two samples has reduced even though 
the thermal energy from the flame in the form of its enthalpy of reaction remains the same as those in the shorter 
stand-off distances.
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The effect of changing the enthalpy of reaction or heat energy input into the particles is also shown in Figure 6.4.2 
where the samples RR6 (825.090) and RR13 (825.090) were sprayed at the same stand-off distance as the samples 
RR5(825 090) and RR12 (825.090) respectively but with a lower oxygen to fuel ratio. The decrease in the oxygen flow 
rate reduced the oxygen to fuel ratio to 1.35:1 and reduced the flame temperature by 50 K. The loss of heat energy 
and also the loss of total gas flow as a result of reducing the oxygen flow significantly reduced the DE values to 2% 
and 4% respectively over the 75 mm and 100mm stand-off distances.
Deposition
Efficiency
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Figure 6.4.2 Results showing the effect o f stand-off distance on deposition efficiency for two different oxygen to 
fuel ratio.
With the near 100% theoretical density for the 825.090 angular powder, it was expected that this powder would give 
the higher kinetic energy values as it has the highest relative mass.
All the conditions using an oxygen to fuel ratio of 1.66:1 and a 200 mm stand-off distance gave little or no 
measurable value of deposition efficiency. This can be explained by work (Barbezat, 1989) carried out on A120 3 
ceramic using similar oxygen to fuel ratios. Barbezat’s results showed that powder velocity from the HVOF system 
peaked at 1400 msec'1 at a 50 mm distance from the gun exit, but reduced significantly to 400 msec"1 at a 200 mm 
stand-off distance. At this velocity and flame temperature, the DE values indicated that no significant softening of 
the powder would take place.
Influence of Stand-Off Distance on Deposition Efficiency 
Fused and crushed Amperit 825.090 powder
Oxygen to 
Fuel Ratio
■  Ratio 1.5:1 
□  Ratio 1.35:1
FIR*■2 RR
RR6 RR1
RR13
RR9
25 50 75 100 125 150 175 200
Stand-Off Distance (mm)
159
Chapter 6 Results The influence o f process parameters on deposition efficiency
6.4.3 Deposition efficiency of the agglomerated and sintered AI-1075 powder
Table 6.4.3 Deposition efficiency values the agglomerated and sintered AI-1075 powder
(Average powder feed rate o f5.3 g  min'1)
Sample
Number
Initial 
Mass of plate 
(9)
Final 
mass of plate 
& coating 
(9)
Mass
difference
(9)
100% =43g
Deposition
Efficiency
(%)
RR1 (AI-1075) 212.6 216.9 4.3 10
RR2 (AI-1075) 227.4 228.2 0.8 2
RR3 (AI-1075) 237.1 237.2 0.1 0
RR5 (AI-1075) 219.7 223.1 3.4 8
RR6 (AI-1075) 227.4 229.1 1.7 4
RR7 (AI-1075) 219.7 219.6 -0.1 0
RR9 (AI-1075) 207.5 208.4 0.9 2
RR12 (AI-1075) 238.2 244.5 6.3 14
RR13 (AI-1075) 227.4 229.2 1.8 4
RR14 (AI-1075) 217.7 217.6 -0.1 0
Accuracy ±0.1 g
With a maximum powder feed rate of 7 g  min' 1 and an average feed of 5.3 g min'1, the agglomerated and sintered 
powder AI-1075 was expected to give improved deposition values and more acceptable efficiency rates compared to 
the angular fused and crushed powder. With a large proportion of sphere-like shapes within its morphology and a 
higher degree of thermal softening, more AI-1075 particles were expected to adhere to the substrate more readily 
than the denser fused and crushed powder.
The results in Figure 6.4.3 show that overall, the oxygen to fuel ratios of 1.5:1 and 1.35:1 give higher deposition 
efficiency values compared to the angular powder shown in Figure 6.4.2 sprayed under identical conditions. The one 
exception to this is the fused and crushed powder sprayed at 1 0 0  mm which appears to be the optimum condition for 
particles to collapse on impact. This effect is also seen for the sample at the lower heat energy conditions and 
sprayed over the same range of stand-off distances. The results suggest that the factors affecting the DE value, such 
as particle thermal conductivity and powder size have a greater influence on the agglomerated and sintered powder 
than the angular and fine powder morphology.
The results in Figure 6.4.3 show a trend where decreasing the stand-off distance from 2 0 0 mm to 75mm, increases 
the deposition efficiency from 2% to 14% using the same oxygen to fuel ratio of 1.5:1. The reduction in DE at the
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100 mm stand-off distance, suggests that the heat transfer mechanism into the particle is influenced by the increased 
dwell time and not by any increase in kinetic energy as the spray distance reduces. This has a greater effect, 
however, at the 75 mm spray distance. The heat transfer mechanism into the interconnecting porosity resulting from 
the temperature gradient inside the particles is more efficient than the small dense angular powders where softening 
in some cases takes place at the edges and angles.
Figure 6.4.3 also shows a small but measurable deposition value (2%) at the longest stand-off distance of 200 mm 
for the agglomerated and sintered powder, which was not observed with the angular fused and crushed powder. This 
suggests that the thermal softening of the agglomerated and sintered powder was sufficient to deform and splat on 
impact with the substrate regardless of the reduced kinetic energy from the drag forces exhibited over the longer 
spray distance. The DE value is, however, still zero at the longer spray distance of 200 mm for both types of powder 
morphology using an oxygen to fuel ratio of 1.35:1.
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Influence of Stand-Off Distance on Deposition Efficiency 
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Figure 6.4.3 Results showing the effect o f  stand-off distance on deposition efficiency o f the agglomerated and 
sintered AI-1075 powder
The influence of the oxygen to fuel ratio and the subsequent enthalpy of reaction of an oxygen and acetylene flame 
have a greater effect on the agglomerated and sintered powder morphology. Measurable coating deposits and 
deposition efficiencies are recorded at a 150 mm stand-off distance for 1.35:1 oxygen to fuel ratio. This identical 
condition used on the angular and fused powder showed no measurable deposit suggesting that the lower heat 
energy produced from a combustion ratio of 1.35:1 compared to the maximum flame temperature conditions from a 
ratio of 1.5:1, was able to sufficiently soften and deform the porous powder type on impact.
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6.4.4 Deposition efficiency of the agglomerated and sintered ZRO 175 powder
Table 6.4.4 Deposition efficiency values for the agglomerated and sintered ZRO 175 powder
(Average powder feed  rate o f 9.8 g  m in1)
Sample
Number
Initial 
mass of plate 
(9)
Final 
mass of plate 
& coating
(g)
Mass
difference
(g)
100% =100g
Deposition
Efficiency
(%)
RR1 (ZRO 175) 341.7 351.9 10.2 10
RR2 (ZRO 175) 357.7 363.8 6.1 6
RR3 (ZRO 175) 352.1 352.2 0.1 0
RR5 (ZRO 175) 348.9 360.8 11.9 12
RR6 (ZRO 175) 337.4 347.8 10.4 10
RR7 (ZRO 175) 346.2 352.7 6.5 6
RR9 (ZRO 175) 320.0 322.3 2.3 2
RR10 (ZRO 175) 345.6 347.5 1.9 2
RR12 (ZRO 175) 319.0 334.7 15.7 16
RR13 (ZRO 175) 327.5 333.5 6.0 6
RR14 (ZRO 175) 315.5 317.4 1.9 2
Accuracy ±0.1 g
From the previous powder morphology characterisation and splat deformation results, it was expected that the AI- 
1075 and ZRO 175 powders would exhibited similar deposition efficiency values. The spherical powder was 
expected to undergo similar changes from the influences of the variation in the process parameters. Figure 6.4.4 
indicates, however, that the overall performance of the ZRO 175 powder exhibited an improved powder deposit rate 
over the whole range of process parameters when compared to the results obtained using the AI-1075 powder. A 
clear indication of this was that for the first time, small but measurable levels o f deposit were observed on the 
sample plate spray under combustion ratio conditions o f 1.66:1. The ZRO 175 powder gave DE values as high as 6 % 
from the sample RR7 (Zr0  175) at a 100mm stand-off distance.
ZRO 175 showed a similar trend to that of the other two powders with respect to stand-off distance. As the stand-off 
distance decreases so the deposit efficiency increases for the oxygen to fuel ratio 1.5:1. The maximum DE valves 
achieved with this powder are higher at 12% and 16% for the shorter stand-off distances (100 mm and 75mm) 
compared to the other two powders. For the longer stand-off distances, the DE values achieved are the same as those 
achieved using the AI-1075 powder but greater than the DE values achieved using the 825-090 powder. This 
relationship highlights the benefits of powder morphology on the DE values and the melting characteristics o f the 
agglomerated and sintered powders. These powders with their densities around three quarters that of the fused and
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crushed powders and their open lattice-work of porosity allows substantial heat transfer into the interior of the 
particle during residence time in the flame.
A feature that is observed in Figure 6.4.2 and appears more prominent in Figure 6.4.4 is the effect of the stand-off 
distance on the DE values of these two different morphology powders, 825.090 and ZRO 175, at the 1.35:1 oxygen 
to fuel ratio. Here, the decrease in the stand-off distance from 100 mm to 75 mm results in a decrease in the DE 
values. These results suggest that within the lower temperature flames, the optimum stand-off distance using an 
oxygen to fuel ratio of 1.35:1 is not the shortest distance (75mm). The longer stand-off distance of 100mm, however, 
gives high DE values for both the agglomerated and sintered and the fused and crushed powders. This may be 
explained by the insufficient dwell time at the shorter distance to allow sufficient heat transfer into the powder 
particles before impact. At the higher oxygen to fuel ratio 1.5:1 this effect is not an issue and the higher heat input 
from the greater enthalpy of reaction occurs quickly at the exit of the gun. A cooler flame takes longer to transfer 
heat energy into the powder. The influence of the conduction between the flame and the powder is therefore greater 
than the momentum transfer of kinetic energy in the shorter stand-off distance samples.
Deposition Influence of Stand-Off Distance on Deposition Efficiency
Efficiency Agglomerated and sintered ZRO 175 powder
Oxygen to 
Fuel Ratio
□  Ratio 1.5:1
□  Ratio 1.35:1
□  Ratio 1.66:1
25 50 75 100 125 150 175 200
Stand-Off Distance (mm)
RR9 RR10
Figure 6.4.4 Results showing the effect o f stand-off distance on deposition efficiency o f  the agglomerated and
sintered ZRO 175 powder.
Figure 6.4.4 shows a measurable coating deposit at the longer stand-off distance (200mm) for both the oxygen to 
fuel ratio values of 1.5:1 and 1.35:1. At this distance, the drag and external forces on the large particles reduce their 
velocity significantly. The heat transfer into the porous powder particle over the extended dwell period is the major 
contributor to splat deformation and subsequent deposit efficiency. The coating is, however, expected to contain
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significant proportions of defects as the molten state of the particles at impact arises from the effect of heat transfer 
during flight rather than the momentum transfer. It is this momentum transfer that is necessary, when using the 
HVOF spray system, to produce improved splat deformation and denser coatings.
For the first time in the series of DE tests the combustion ratio 1.66:1 gave measurable results. The reduced flame 
temperature combustion properties of this condition are similar to the properties of the 1.35:1 combustion ratio. The 
energy balance, however, was expected to be higher due to an increase in total gas volume (20%) resulting in an 
increase in particle velocity and increased momentum transfer in flight. The results, however, indicate that the 
sample sprayed at the lower stand-off distance 75 mm showed a decrease in DE at the 1.66:1 combustion ratio 
compared to the 1.35:1 combustion ratio. This suggests that the flame for the 1.66:1 combustion ratio has reduced 
heat transfer into the powder particles. The efficient transfer of heat has also been made more difficult due to the 
decrease in dwell time of the powder in the flame.
6.4.5 Summary of powder deposition efficiency
A major advantage of the thermal spray HVOF process over other spray techniques is the potential kinetic energy 
available to the powder particles on impact with the substrate. With lower melting point materials, this extra energy 
benefits the coating with increased deposition efficiency values and improved coating properties. Previous work 
(Joshi, 1992) has shown that the higher velocities of 400-800 msec'1 possibly using the HVOF process results in a 
rise of particle temperatures of over 1000 K on impact with the substrate.
The results from all the powder morphologies indicate that the stand-off distance and the resultant particle velocity 
are dominant factors on the deposition efficiencies of HVOF spraying of the powders. Overall, as the stand-off 
distances decrease, so the trend detailing the DE values of the powders with measurable deposit, increases giving 
values up to 16%. Within an individual powder type the influence of the stand-off distance has a stronger influence 
on deposition than the thermal energy associated with the oxygen to fuel ratio that determines its enthalpy o f 
reaction. When using a combustion flame outside the maximum oxygen to fuel ratio, however, the relationship 
between the stand-off distance and the deposition efficiency becomes less clear.
The influence of powder morphology on the deposition efficiency suggests that powder softening needs to be 
sufficient to cause deformation before any optimisation of the process variables can be carried out. A good example 
of this is the plasma densified agglomerated powder, Amdiy 204B-NS, that failed to deform and adhere to the 
substrate surface. By changing the powder morphology of the YSZ material but using the same process parameters, 
a deposit efficiency value of 16% was achieved. These results strongly indicate that the thermal and kinetic energy 
combination of the HVOF oxygen and acetylene flame is just sufficient to supply energy transfer to the powder 
particles in-flight.
The results show little scope for process tolerance in relation to the angular and crushed powders during engineering 
operations. Outside the shorter stand-off distances of 75mm and 100mm and the 1.5:1 oxygen to fuel ratio, the
Chapter 6 Results The influence o f process parameters on deposition efficiency
deposition efficiencies are zero. Accurate fuel gas and oxygen flow rate settings are therefore critical to the 
commercial deposition of thermal barrier coatings over extended spray periods. Of key consideration is the low  
powder feed rate and low DE. This results in deposition o f the required thickness o f coating taking considerably 
longer than the other powders and spray techniques.
The agglomerated and sintered powders o f AI-1075 and ZRO 175 gave improved flexibility and user tolerance. A 
number o f the process parameters give acceptable deposition efficiencies over a number o f stand-off distances and 
combustion conditions. This is essential for a spray system to succeed commercially, as it needs to be robust enough 
to spray on surfaces other than on flat test piece samples. Most TBC work is sprayed 90° to the surface where the 
gun is on the end o f a robotic arm either following the profile of the component or the component is being rotated at 
high speeds through the flame. It has been demonstrated that deposition efficiency values above 10% are viable but 
leave little room for process error.
6.4.6 Comparison of deposition efficiency of plasma sprayed thermal barrier 
coatings
The high thermal energy transfer properties associated with plasma spraying involving temperatures in-excess of 
10,000 K will result in considerably greater deformation of a fully softened powder particle on impact. This was 
clearly shown by the splat of ZRO 175 in Figure 6.3.4.
The deposition efficiency values taken from the best process parameters, short stand-off distance, high temperature 
oxygen to fuel ratio and using the powder with interconnecting porosity morphology results in a DE level o f 16%. 
This does not compare favourably with other spray coatings and techniques. When using lower melting point and 
better conducting materials, the deposition efficiency values of some HVOF coatings can be as high as 80-90%. 
Using other spray techniques, such as APS and EB-PVD, the deposition efficiency o f thermal barrier coatings using 
YSZ can reach as high as 50-60%. As noted earlier, there is a difference between the target efficiency and the 
deposition efficiency. The target efficiency is the time taken for the spray process to coat the required surface of the 
component. In the case of small area components such as turbine fines and fences this time may be very short, 
reducing target efficiency values to as low as 20-30%. APS systems have deposition efficiencies o f the order o f 50- 
60%. By the time the target efficiency in taken into consideration therefore, the total powder that remains as a 
coating compared to that sprayed through the gun may be as low as 10-15%. This can then be compared to a similar 
scenario where HVOF sprayed YSZ achieves a DE value of 15% with target efficiency reducing to 3-4.5%. Such 
powder loss on both pieces of equipment is significant. The reduction in process costs of HVOF, however, over the 
more expensive APS and EB-PVD systems balance out the extra powder costs. The comparison then becomes the 
coating benefits of HVOF compared to APS and EB-PVD.
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6.5 The role of powder morphology in coating porosity
Powder characterisation is an important factor in determining the final coating properties and the most important powder 
parameters include, grain size, flowability, chemical and phase composition, shape and internal porosity (density). The 
following sections look at the influence of a number of these parameters and their effect on porosity, coating microhardness, 
surface roughness and erosion resistance.
The technical literature that promotes the agglomerated and plasma densified, Amdry 204B-NS powder, claims that its 
porous interior helps develop the necessary porosity levels required for thermal barrier coating applications when deposited. 
If the HVOF process, using acetylene had been able to overcome and breakdown the hard densified outer shell, it would 
have been interesting to see the results of the porosity development compared to plasma sprayed yttria stabilised zirconia. It 
was, however, possible to investigate the effect of the three remaining powder morphologies sprayed under different process 
parameters and the resultant effects on coating porosity.
The fused and crushed 825.090 powder with its angular dense morphology shows a significant contrast in porosity levels 
and porosity distribution as the stand-off distance increases from 100 mm to the longer 150 mm. Figure 6.5.1 shows a 
cross sectional area of the 825.090 coating on the sample RR5 (825.090). This was produced using a 100 mm stand-off 
distance at the maximum flame temperature using an oxygen to fuel ratio of 1.5:1. The image shows a limited level of 
finely distributed porosity throughout the coating. The porosity size ranges between 2-5 pm in diameter and is evenly and 
spatially distributed throughout the thickness of the coating with no indication of lamellae layers. These layers are generally 
present in typical carbide matrix coating structures that clearly define the separate splat layers as they develop on top of one 
another. The fused and crushed powder sprayed under conditions that generate high kinetic energy levels within the 
powder, deposit a very dense coating, suggesting that the cohesive bonding between the individual particles is high and not 
prone to pull-out under sample preparation techniques. The presence of the smaller finely distributed porosity may be a 
result of the angular powder which collapses into the coating possibly leaving small voids between each splat particle 
boundary due to the nature of its shape. The solid solidification cracking that was observed in the splat morphology shown 
in Figure 6.3.2.1 is not evident as the coating layers develop. These inter-lamellae cracks and resultant segmentation is 
encouraged in the plasma spray coating to improve the thermal stress relieving properties for thermal barrier coatings. The 
absence of these cracks may cause a problem with thermal cycling of the coatings in high temperature aeroengine service.
The development of this dense, low porosity coating should result in higher microhardness values and improved erosion 
resistance. It also reinforces the results from the deposition efficiency test, the SEM image of the splat morphology for this 
type of powder morphology, the influence of a shorter stand-off distance and the high heat transfer condition for the oxygen 
to fuel ratio. By fully softening the dense particles to give the highest deposition efficiency and splat formation that shows 
no presence of un-melted particles, the resultant coating should be relatively low in porosity and, or defect free.
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Top coat
Bond Coat
1-2 pm 0  
Porosity
Figure 6.5.1 RR5 (825.090) -  fused and crushed Amperit 825.090powder sprayed at a 100 mm stand-off distance.
(Mag..x 300)
1-2 pm 0  
Porosity
Contamination
Figure 6.5. la  RR5 (825.090) -  fused and crushed Amperit 825.090powder sprayed at a 100 mm stand-off distance.
(Mag.x 2000)
Closer inspection of the small porosity in Figure 6.5.1 is shown in Figure 6.5. la. The microstructure shows the presence of 
the small porosity < 2pm in diameter but also voids, resulting from poor interlamellar contact which are submicrometers in 
diameter. An area of concern for the author is the possibility of contamination within the powder hopper. The equipment 
used for the project is also in continuous use for other research projects including the spraying of other materials, metal 
alloys and cermets. The design of the hopper makes it very difficult to fully clean the intricate areas and confined parts, 
such as felt pads, gas O rings and compression fittings. These are all regions where contamination powder could be trapped 
and difficult to remove by standard cleaning methods. The micrograph in Figure 6.5. la shows the presence of a number of 
lower melting point powder splats, possibly stainless steel that clearly deforms on impact to a greater degree than the 
ceramic powders that surround the contaminates. The presence of the contaminant shows the direction of the horizontal 
lamellae and some indication of lamellae thickness. In commercial installations used for aerospace coating applications,
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hopper systems are dedicated to one powder type to avoid the possibility of contamination.
In contrast to the dense and low porosity levels exhibited by the coating detailed in Figure 6.5.1, a considerably different 
microstructure using the same powder is shown in Figure 6.5.2. This coating was deposited using the same combustion 
ratio to give the same heat transfer relationship but it was sprayed at a longer stand-off distance of 150 mm. The resultant 
microstructure shows a significant contrast in porosity size and distribution throughout the thickness of the coating. Figure 
6.5.2 also shows the presence of larger sized porosity ranging between 3-5 pm in a layered form. Some of the porosity 
appears to be connected forming horizontal boundaries between the layers. Overall, there is a greater density of porosity 
with no significant sized areas of dense coating. It is therefore expected that this coating will exhibit lower microhardness 
values and poor erosion resistance properties compared to those of the denser coating.
The differences in microstructure of the two coatings clearly show the effect of an increased stand-off distance on the 
porosity levels and appearance within the coating. By increasing the spray distance, the particle velocity is affected by drag 
forces and external forces that reduce its kinetic energy on impact. Over the shorter distance, the impact velocity results in a 
significant increase in temperature which contributes to the thermal energy input that already exits within the particle 
through heat transfer from the flame. The deterioration in microstructure of the RR1 (825 090) coating compared to the 
RR5(825.090) coating suggests that the particle velocity strongly influences the porosity for this type of dense angular powder 
morphology with no benefit being gained from the increased dwell time within the flame.
The microstructure detailed in Figure 6.5.2 also shows the presence of horizontal grain boundaries defining the different 
lamellae layers. This is more evident in this longer stand-off distance coating due to the presence of un-melted particles. 
The splat morphology of particles without sufficient softening was shown to contain partially un-melted regions within the 
deposited splat. The poor deformation of these partially un-melted particles results in voids and areas of poor interlamellar 
contact as the next deposit is sprayed on top of the un-melted particles and fails to fully adhere to the coating.
Yttria 
Stabilized 
Zirconia, 
ceramic layer
Bond coat
Substrate
Figure 6.5.2 RRI (825.090) -fused and crushed Amperit 825.090powder sprayed at a 150 mm stand-off distance
(Mag. x 500).
. Inter-connecting 
porosity
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Optical inspection of the sample RR12 (825.090) sprayed at the shortest stand-off distance and the maximum temperature 
oxygen to fuel gas ratio of 1.5:1 showed a dense, low porosity coating. The deposition efficiency value under these 
conditions, was 9% and identical to the DE for the sample RR5 (825.090) whose microstructure is shown in Figure 6.5.1. The 
microstructure shown in Figure 6.5.3 is markedly different to Figure 6.5.1 and appears to have undergone coating Mure. 
The shorter 75 mm stand-off distance and the maximum heat input from the flame and should have produced a very dense 
coating but this was not the case. The coating micrograph indicates the significant presence of large porosity ranging 
between 5-10 pm in diameter distributed throughout the coating thickness. There also appears to be contaminated deposits 
or larger un-melted particles along a horizontal layer about 150 pm through the thickness of the coating. This line of 
weakness has caused delamination of a significant portion of the coating during cross sectional preparation.
Delamination of thermal spray coatings can be caused by the build up of load stresses within the coating. These stresses can 
be generated during cooling of the coating and the substrate while the sprayed specimen cools down after processing and 
are due to the mismatch of thermal expansion coefficient (TEC). These stresses are not specific to thermal spray conditions 
and the theory (Abramov, 1961) is relatively well known. Stresses increase with the coating thickness and with increase in 
the deposition temperature. When the residual stresses left within the coating are greater than cohesive bond strength of the 
coating, delamination can occur. The direction of the stresses is dependent on the difference in thermal expansion 
coefficient of the coating and the coefficient of thermal expansion of the substrate and this influences the delamination 
directioa In the case of the sprayed sample RR12 (825.090) in Figure 6.5.3, the temperature was kept below 420 K. This 
temperature, however, is low for a ceramic coating and metal alloy substrate combination to cause delamination from the 
build up of residual stress after cooling.
A possible cause of the delamination shown in Figure 6.5.3 can be explained by the generation of another type of stress 
build up within the coating from the deposit of a single thick pass. This can be the result of a slow torch speed or a higher 
powder feed rate and can occur where the thermal conductivity of the powder is low, such as with zirconia. As a result o f a 
thicker pass, the temperature difference of the two feces grows significantly leading to stress generation. These stresses can 
relax if vertical cracks are present but can cause horizontal delamination in denser coatings. The presence of a larger 
proportion of partially melted powder particles or contamination forming along a line of weakness in a lamellae layer Could 
result in coating failure.
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Un-melted
YSZ powder Coating
delamination
Figure 6.5.3 RR12 (825.090) ~ fused and crushed Amperit 825.090powder sprayed at a 75 mm stand-off distance.
(Mag. x 200).
Cross sectional analysis of the microstructure of the two identical agglomeration and sintered spherical powders with 
interconnecting porosity, AI-1075 and ZRO 175 surprisingly showed markedly different features to the angular fine and 
crushed powder 825.090 sprayed using identical parameters. Figure 6.5.4 shows the microstructure of 2310 175 powder on 
the sample RR5 (ZRO 175) sprayed using the shortest stand-off distance and the highest temperature oxygen to fuel ratio of 
1.5:1. This micrograph shows lower levels of porosity in terms of numbers and distribution and if compared to the 
apparently denser microstructure of the angular fused and crushed powder, shows the presence of larger diameter porosity. 
Porosity diameters >5 pm are evenly distributed throughout the coating but they are surrounded by regions of dense ceramic 
coating with no finely distributed porosity (>1-2 pm). The splat morphology results for the agglomerated and sintered 
powder indicated that sufficient softening of the particle in-flight by thermal heat transfer from the flame and a temperature 
rise on impact with the substrate caused significant deformation, resulting in the regions of dense coating. The large 
porosity may have arisen as a result of the denser blocky fraction present within the ZRO 175 powder. The powder size 
distribution at the larger end is -22 pm of the denser blocky variety and is difficult to soften fully before impact. Voids can 
be formed therefore as a result of these partially melted particles, which arise too infrequently within the coating to be a 
process parameter problem and which are more likely to be an effect of differing powder size and morphology in the lower 
quality powder manufacturing process.
The higher deposition efficiency rates of the agglomerated and sintered powder should be an indication of good powder 
adherence to the substrate. It is, however, no guarantee of coating quality. Partially melted particles that deposit as a coating 
will contribute to the deposition efficiency of a coating but on surface preparation or in service could become voids and 
defects. It is expected that this type of microstructure will give a reasonable average microhardness due to the larger regions 
of denser coating but in some erosive environments, this could deteriorate.
(Possibly, a result 
of insufficient 
softening of the 
powder in the 
flame.)
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Figure 6.5.4 RR5 (2r0 175) -  agglomerated and sintered ZRO 175 powder sprayed at a 75 mm stand-off distance
(Mag. x 200).
The coating microstructure that exhibited the lowest level of porosity of all the powder types was the agglomerated and 
sintered AI-1075. Sample RR12 (Ar-io75) shown in Figure 6.5.5 was sprayed with an oxygen to fuel ratio of 1.5:1 with the 
shortest 75 mm stand-off distance. The microstructure shows a dense coating, with fewer numbers of smaller porosity or 
defects (2-5 pm) evenly distributed throughout the coating. The porosity appears less like the voids present in the ZRO 175 
microstructure and more like regions of partially molten particles which have been retained in the coating and not plucked 
out during preparation. The microstructure will account for the higher deposition efficiency value (16%) compared to the 
fused and crushed angular powder (9%) sprayed under identical process parameters. These pores appear to be evenly 
distributed through the cross section of the coating showing little presence of horizontal interconnecting lamellae. Good 
cohesive bonding between splat boundaries layers is generally an indication high microhardness levels which benefits 
erosion resistance.
Bond coat 
layer
50^m
Figure 6.5.5 RR12 (41-1075) ~ agglomerated and sintered AI-1075 powder sprayed at a 75 mm stand-off distance
(Mag. x 200).
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The relationship between the deposition efficiency and the porosity will generally explain the behaviour of the powder 
particles within the flame. If the DE values are high (50-80%), then the coating microstructure is good in terms of low 
porosity levels and density. When the DE values are low (5-30%), the coating microstructure is generally poor with high 
levels of porosity and coating defects. A situation arises with the HVOF spraying of YSZ with acetylene in that the coating 
quality appears to be favourable with respect to coating density whilst still exhibiting low levels of deposition efficiency. 
With the denser coating and the higher DE values, the spray process loses at least 85% of the powder that is delivered 
through the flame. Post spray inspection of the sample holder indicates that a significant amount of powder that impacts on 
the substrate fails to adhere to the surface. These powders behave differently from the partially melted or un-melted 
particles that adhere to the surface and do not contribute to the coating microstructure. The effect is observed in all powder 
types, dense and agglomerated where relatively dense microstructures still gives low deposition values.
The influence of changing the oxygen to fuel ratio on the coatings microstructure and porosity is compared in Figures 
6.5.5a and 6.5.6. The two microstructures compare the relatively dense region shown in Figure 6.5.5a sprayed with an 
oxygen fuel fuel ratio of 1.5:1 and the same agglomerated powder sprayed at an oxygen to fuel ratio of 1.35:1, both 
produced using the same 75 mm stand-off distance. The lower temperature combustion flame from the oxygen to fuel ratio 
1.35:1 ratio produces a slightly higher level of un-melted region with a greater proportion of partially melted particles 
embedded within the coating. The reduction in flame temperature of 50 K has decreased the heat transfer from the gas 
particles within the flame into the powder
Figure 6.5.6 suggests that the un-melted regions are layered vertically down the thickness of the coating. The author 
considers that due to the nature of these un-melted regions, surface preparation has influenced the final microstructure by 
smearing the loosely bonded particles within the coating.
Top surface roughness
Bond
Coat
Figure 6.5.5a RR12 (Ai-1075) ~ agglomerated and
sintered AI-1075 powder sprayed at a 75 mm stand-off 
distance (Mag. x 200).
Figure 6.5.6 RR13 (Ai-1075) -  agglomerated and 
sintered AI-1075 powder sprayed at a 75 mm stand-off 
distance (Mag. x 500).
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The microstructure and in particular the porosity within the coatings, is closely related to the process parameters of 
the spray system. As the stand-off distance decreases so the level of porosity decreases and as the stand-off distance 
increases so the levels of un-melted regions also increase. These factors significantly reduce the quality of the 
coating at stand-off distances >150 mm. This relationship is certainly the case for the agglomerated and sintered 
powders, however, the angular and fine dense powders showed inconsistent results at the lowest stand-off distance. 
The relationship between the oxygen to fuel ratio and the porosity indicates that the spray conditions outside the 
highest flame temperature results in a reduction in the coating quality. This relationship, however, is not as 
significant as the influence of the stand-off distance. It is suggested therefore that the particle velocity and its effect 
on powder deformation is more closely related to porosity than the transfer of heat energy from the acetylene flame.
The influence of powder morphology on porosity indicates that the dense, angular powder from the fused and crushed 
process produces dense, low porosity coatings at the 100 mm stand-off distance. Either side of this figure the powder 
becomes more sensitive to changes in particle velocity leading to deterioration in quality. The agglomerated and sintered 
powder, however, appears less sensitive to process parameter changes resulting in only a slight reduction in quality with 
respect to porosity and microstructure defects.
The Influence on the levels of porosity within the YSZ coating would appear to be a balance between the oxygen to fuel 
ratio of the flame and the stand-off distance between the gun and the substrate. When two different powder morphologies 
are used, however, this appears to have a stronger controlling affect on the porosity results. This affect can be clearly seen 
when comparing the samples sprayed under condition RR12 using the dense angular and fine 825.090 powder and the 
agglomerated and sintered AI-1075 powder. Both samples were sprayed at the shortest stand off distance so the powder had 
the same dwell time within the flame. Variations in momentum transfer due to the particles’ size and density will effect the 
smaller particles to a greater extent compared to the larger sized particles. Figure 6.5.5 has a dense coating microstructure 
resulting from fully deformed splats, whereas, Figure 6.5.3 exhibits high levels of large porosity as a result of un-melted 
particles. The microstructure also shows longitudinal delamination.
Due to the pressure restrictions of the acetylene and oxygen flame, the flame’s appearance is shorter, wider and less defined 
than a HVOF hydrogen and oxygen flame. The hydrogen and oxygen flame is sharp and narrow and the powder is 
projected tightly within the centre of flame. The powder in the acetylene flame appears less closely contained to the centre 
and it has a trajectory that diverts out at a wider angle. The suggestion here is that much of the powder sprayed through an 
acetylene flame is outside the hot area, lacks sufficient softening and M s to deform on impact with the substrate or coating.
6.5.1 Quantification of porosity
Observing porosity within a coating is a very subjective exercise but much of the uncertainty can be overcome by 
using image analysis. Human observation suggests that as well as being able to find variations in levels of porosity 
within the same coating, it is possible for two people to make different interpretations of porosity levels of the same 
image. It is therefore only possible to reach broad and general conclusions on the percentage, size and distribution of
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porosity or areas of un-melted regions within a coating. Table 6.5 details the microstructures shown in the section. It 
quantifies the size, type and distribution of porosity within the microstructure compared to the powder and the stand-off 
distance.
Table 6.5 Assessment on the range o f porosity levels within different coating microstructures.
Sample
Number
Stand Off 
Distance (mm)
Powder Porosity Levels
RR5 (825.090) 100 825.090 Fine, evenly distributed porosity at 5-10%
RR1 (825.090) 150 825.090 Course large inter-connecting porosity >30%
RR12 (825.090) 75 825.090
Large randomly distributed porosity >20% 
Present of un-melted particles.
RR5 ( z r o  175) 100 ZRO 175 Large size porosity, small distribution >5%
RR12 (AI-1075) 75 AI-1075 Limited levels of porosity, 1-2%
RR13 (Ai-1075) 75 AI-1075 Limited levels of porosity <5%
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6.6 The influence of process parameters on coating microhardness
Microhardness tests are often used for first approximation of coating wear and erosion resistance. The measurement 
also enables the quick estimation of the coating strength and quality because of the specific defects, such as porosity 
and un-melted particles that strongly influence the coatings hardness.
The cohesive bond strength between the impacted powder particles, the inter-lamellae contact strength and the 
porosity levels all influence the coatings hardness. In a coating with high levels of porosity and partially melted 
regions it is sometimes difficult to achieve accurate or consistent values of microhardness. The major benefit of the 
high velocity oxygen fuel process, however, is its ability to produce higher particle impact velocity from its 
combustion flame, resulting in denser thermal spray coatings. In coating structures consisting of low melting point 
metal matrices used to bind harder ceramic phases together, such as cermetals of tungsten carbide cobalt, it is 
difficult to select representative areas within the coating structure to give an accurate microhardness value. This 
selection of a representative area within a very porous coating can also be a problem for the lower quality coatings. 
In a coating system, such as a thermal barrier consisting only of a single phase ceramic with no soft matrices, this 
consistency is easier to achieve.
The reproducibility of the microhardness values is strongly influenced by the homogeneity of the coating’s 
microstructure. A typical area representing the coating was selected from samples with the lowest porosity levels. 
RR5 (825.090) and RR12 (Ai-1075) showed reproducibility levels within ±7.5%.
6.6.1 Fused and crushed Amperit 825.090 powder
The previous section on the fused and crushed powder, Amperit 825.090, showed markedly different porosity levels 
within the cross sectional microstructures of different samples. The increase in stand-off distance from 100 mm to 
150 mm shown by the microstructures in Figures 6.5.1 and 6.5.2 is reinforced by the difference in microhardness 
values of over 100% between the samples RR5 (825.090) and RR1 (825.090) respectively. This shows the influence of 
powder velocity on the particle bond strength on impact for this type of powder where heat transfer into the dense, 
poor conducting coating is difficult. The microhardness values of two samples RR5 (825.090) and RR6 (825.090), sprayed 
with the same stand-off distance of 100 mm, again give very different values and show a reduction in hardness of 
60% as the drop off in thermal heat input reduced particle deformation and increased porosity between the splats.
A similar effect is observed as combustion conditions move away from the theoretical maximum heat input with an 
oxygen to fuel ratio of 1.5:1, so the microhardness values decrease significantly. Both the 1.35:1 combustion ratios 
for the angular and fine powder have as much as a 45% reduction in microhardness compared to the high 
combustion ratio of 1.5:1. The sample RR1 (825.090) shows unexpected coating delamination and high levels of 
porosity. It was difficult to obtain consistent microhardness values from this sample. The difference between the
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highest and lowest microhardness readings on the same sample was 66%. The average of the sample, however, 
produced a very low microhardness reading of 450HV (30o).
Table 6.6.1 and Figure 6.6.1 both outline the variation in microhardness as the stand-off distance increases from 75 
mm through to 150 mm. The relationship suggests that at the 100 mm spray distance there is a change in the 
influencing parameters as the longer dwell period within the flame becomes more beneficial than the decrease in 
powder particle velocity on impact over the longer length. As the spray length extends out to 150 mm so the external 
forces on the particles in the longer flame, such as drag and pressure gradient, reduces the momentum transfer and 
produces a very porous coating.
YSZ coatings are intentionally produced with some level of porosity making them better thermal insulators. This, 
however, results in low values of microhardness. Microhardness for some YSZ coatings increases with temperature 
and this leads to annealing and sintering, decreasing porosity and inter-lamellae contact. Work (Gitzhofer et a i, 
1986) has shown that microhardness is influenced by the porosity of the coating which in turn depends on the 
powder particle size used during the spray process and not the type and amount of stabilizers. Results from this 
work, using APS process parameters, show that a yttria 7% stabilised zirconia powder size -22+45 pm produced 
porosity levels of 7%. This translated into a microhardness value of 700 HV (500) in the “as sprayed” condition. This 
microhardness value increases to 800 HV (50o) after 100 hours annealing at 1170 K.
Later work (Sampath et a i, 1996) investigating the effect of substrate temperature on the microstructure of plasma 
sprayed zirconia, produced microhardness levels of 550 and 800 HV (30o) as the temperature of the substrate 
increases. Both these microhardness values were achieved through either post annealing treatment or pre-heating of 
the substrate, which can increase the processing times and cost. A number of the fused and crushed powders 
produced coatings with much higher microhardness values without the need to add external heat either before or 
after spraying. As noted previously, however, these microhardness values are taken from coatings with levels of 
porosity deliberately built into the microstructure.
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Table 6.6.1 Fused and crushed Amperit 825.090powder samples sprayedfor microhardness values.
Sample
Number
Oxy-
Fuel
Ratio
Stand­
off
distance
(mm)
Microhardness
HV(300)
H V
Av.
(300) ;
Max.
R R 1  (825.090) 1.5:1 150 410 330 420 500 470 425 500
RR5 (825.090) 1.5:1 100 1000 1040 980 935 890 970 1040
RR6 (825.090) 1.35:1 100 520 600 510 460 535 525 600
RR12 (825.090) 1.5:1 75 820 890 900 910 800 860 910
RR13 (825.090) 1.35:1 75 670 500 530 610 590 580 670
- - - Accuracy (x500) ± 0.5 pm - -
Microhardness Values verses Stand-Off Distance 
Fused and crushed Amperit 825.090 powder
Oxygen to fuel ratios 1.5:1 & 1.35:11200
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Figure 6.6.1 The relationship between microhardness and stand-off distance for the fused and crushed Amperit 
825.090 powder at combustion ratios o f 1.5:1 and 1.35:1.
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6.6.2 Agglomerated and sintered Plasmalloy AI-1075 powder
The partially spherical agglomerated and sintered powder of AI-1075 gave a predictable trend with respect to 
microhardness values and stand-off distance. Figure 6.6.2 shows that as the spray distance decreases from 200 mm to 75 
mm so the microhardness value increases from 550 HV (300) to above 1100 HV (30o). The powder used in Figure 6.6.2 was 
sprayed under maximum heat transfer conditions using an oxygen to fuel ratio of 1.5:1. These gave the powder the best 
opportunity to soften and adhere to the substrate. This means that particle behaviour and resultant microstructure and 
microhardness, are in direct relationship with the particle velocity and kinetic energy. Both these energies are directly 
proportional to the stand-off distances used. These relationships are similar to work (Wagner et a i, 1984) carried out on 
HVOF spraying of WC-Co powder. This work demonstrated that particle velocity in a HVOF flame decreases significantly 
between 75 mm and 200 mm stand-off distances, falling from 1300 msec"1 to 400 msec"1 respectively.
Unlike the dense angular fused and crushed powder, there is no optimum position between the dwell period and the powder 
velocity that changes the relationship between the stand-off distances and the microhardness values. Figure 6 .6 .2  also shows 
an improved overall microhardness value for the agglomerated and sintered powder compared to the fused and crushed 
powder. It was expected that a powder morphology with built-in porosity would produce a coating with a higher level of 
porosity after deformation compared to a dense powder morphology, thereby effecting the microhardness levels.
Table 6.6.2 Agglomerated and sintered Plasmalloy AI-1075powder samples sprayed for microhardness values.
Sample
Number
Oxy-
Fuel
Ratio
Stand-off
Distance
(mm)
Microhardness
H V (300)
Av.
H V (300)
Max.
H V (300)
RR1 (AI-1075) 1.5:1 150 760 740 650 700 700 710 760
RR2 (AI-1075) 1.35:1 150 600 570 590 400 610 550 610
RR5 (AI-1075) 1.5:1 100 940 890 960 930 870 920 960
RR6 (AI-1075) 1.35:1 100 810 760 780 760 800 780 810
RR9 (AI-1075) 1.5:1 200 560 600 610 550 570 580 610
RR12 (AI-1075) 1.5:1 75 1170 1160 1090 1130 1170 1150 1170
RR1 3 (AI-1075) 1.35:1 75 1120 1070 1090 1100 1060 1090 1120
- - - Accuracy (x500) ± 0.5 pm - -
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Microhardness Values verses Stand-Off Distance 
Agglomerated and sintered Plasmalloy AI-1075 powder
Oxygen to fuel ratios 1.5 :1 & 1 .3 5 :11200
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Figure 6.6.2 The relationship between microhardness and stand-off distance for the agglomerated and sintered 
Plasmalloy AI-1075 at combustion ratios o f 1.5:1 and 1.35:1.
These results also show the effect of the oxygen to fuel ratio on the microhardness values at the lower combustion ratio of 
1.35:1. The reduction in heat transfer into the powder appears to follow a similar relationship to that of the high 
temperature flame with an oxygen to fuel ratio of 1.5:1, but with a significant reduction in microhardness as the stand-off 
distance increases. This effect suggests that the reduction in particle velocity at the longer spray length fails to compensate 
for the loss of heat transfer into the powder.
6.6.3 Agglomerated and sintered ZRO 175 powder
The microstructure shown in Figure 6.5.4 of the agglomerated and sintered ZRO 175 powder indicates that the dispersion 
of porosity is wider and larger in size than for the AI-1075 powder. It is open to question whether the larger more widely 
distributed porosity will affect the microhardness values less compared to the smaller and more evenly distributed porosity 
in the microstructure detailed in Figure 6.5.1. When considering the microhardness indents in Figure 6.5.1, it is not 
possible to avoid taking samples from the porous regions as these will represent a typical section of the coating. In the case 
in Figure 6.5.4, however, it is possible to sample the coating avoiding the larger pores thereby producing a higher 
microhardness value. Microhardness measurements are mainly an indication or guide to other more critical characteristics 
of a coating, for example, wear resistance in the case of carbide based coatings, or the presence of metal oxide in corrosion 
resistant alloys. This project is aiming to achieve an improved resistance to high temperature erosion from the thermal 
barrier coatings which, in general service require some level of porosity for tolerance to thermal cycling.
The relationship between microhardness and stand-off distance for ZRO 175 shown in Figure 6.6.3 is similar to the effects 
on the AI-1075 coating microstructure shown in Figure 6.6.2. They both demonstrate that the shorter the stand-off distance,
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the higher is the microhardness value. The microhardness of coatings sprayed at 75 mm and 100 mm stand-off distances 
using the ZRO 175 powder are all equal to or greater than 900 HV (30o) using the oxygen to fuel ratio 1.5:1. This compares 
favourably with the AI-1075 coatings produced under identical conditions. Microhardness results for the AI-1075 coatings 
are positioned around 1100 HV poo) for the 75 mm stand-off distance and 900 HV (300) for the 100 mm stand-off distance. 
There is some clear difference, however, between the two powders sprayed at the longer stand-off distances of 150 mm and 
200 mm. The coating microhardness for the AI-1075 coating decreases linearly with the increased stand-off distance to 550 
HV (300) whereas, the coating microhardness for the ZRO 175 coating retains a significant level of coating density as the 
microhardness levels at 850 HV (30o>. This is shown in Figure 6.6.3. The only significant difference between the two 
powders is the larger blocky fractions, which as noted in the previous section, have a detrimental effect on the coating 
microstructure resulting in voids.
The relatively narrow distribution of microhardness values over the four stand-off distances for this type of powder is a 
positive feature for its commercial use. The ability to deposit a coating with consistently high microhardness (>800 HV (30o)) 
over a stand-off range of 75 mm -  200 mm gives flexibility to the process parameters. The identical agglomerated and 
sintered AI-1075 powder, however, is considerably more sensitive to parameter changes as the microhardness drops to 700 
HV (300) and 550 HV (300) at stand-off distances of 150 mm and 200 mm respectivefy.
The overall level of microhardness for this type of powder is high compared to the APS coating levels quoted in 
previous work (Sampath et a l, 1996). When porous samples, such as RR6  (ZRO 175) and RR1 (Zr0  175), are compared 
with TBCs with built in porosity sprayed using the APS process, the microhardness in these HVOF coatings is much 
higher.
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Table 6.6.3 Agglomerated and sintered ZRO 175 powder samples sprayed for microhardness values.
Sample
Number
Oxy-
Fuel
Ratio
Stand-off
Distance
(mm)
Microhardness
HV(300)
Av.
HV(300)
Max.
HV(300)
RR1 (ZRO 175) 1.5:1 150 850 880 780 830 830 840 880
RR2 (ZRO 175) 1.35:1 150 860 840 810 880 860 850 880
RR5 (ZRO 175) 1.5:1 100 960 900 910 880 930 920 960
RR6 (ZRO 175) 1.35:1 1 0 0 900 870 940 910 910 910 940
RR7 (ZRO 175) 1.66:1 100 450 400 410 440 420 420 450
RR9 (ZRO 175) 1.5:1 200 820 860 840 810 840 830 860
RR10 (ZRO 175) 1.35:1 2 0 0 340 300 290 360 320 320 360
RR12 ( z r o  175) 1.5:1 75 1030 1070 1160 1120 1110 1100 1160
RR13 ( z r o  175) 1.35:1 75 840 860 930 910 940 900 940
RR14 (ZRO 175) 1.66:1 75 390 400 430 420 380 410 430
- - - Accuracy (x500) ± 0.5 |jm - -
Microhardness values verses Stand-Off distance 
Agglomerated and sintered ZRO 175 powder 
Oxygen to fuel ratio 1.5:1
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Figure 6.6.3 The relationship between microhardness and stand-off distance for the agglomerated and sintered 
ZRO 175 powder at a combustion ratio o f 1.5:1.
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Figure 6.6.3.1 shows the influence of the stand-off distance on microhardness for the agglomerated and sintered powder 
ZRO 175 at the lower heat energy oxygen to fuel ratio 1.35:1. This potential reduction of 50 K in flame temperature has a 
significant effect on the overall microhardness when compared to the identical stand-off distance and oxygen to fuel ratio 
1.5.1 (see also Figure 6.6.3). Figure 6.6.3.1 also shows a reduction in microhardness for the shortest stand-off distance 
sample (75mm) whose value have dropped by nearly 20% to 940 HV (3oo) compared to an average of 1120 HV (30o) for the 
1.5:1 oxygen to fuel ratio samples. This result suggests that the loss of thermal energy by reducing the oxygen to fuel 
combustion ratio has had a far greater effect on microhardness than the impact velocity at the shorter stand-off distances. 
Another significant effect is the severe reduction in microhardness at the longest stand-off distance 200 mm with a 1.35:1 
combustion ratio. This combination of lower thermal energy and lower kinetic energy has resulted in a veiy porous and low 
cohesively bonded coating.
Microhardness Values verses Stand-Off Distance
Agglomerated and sintered ZRO 175 powder 
Oxygen to fuel ratios 1.5:1, 1 .3 5 :1  & 1 .6 6 :1
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Figure 6.6.3.1 The relationship between microhardness and stand-off distance for the agglomerated and sintered
ZRO 175 powder at combustion ratios o f 1.5:1, 1.35:1 and 1.66:1.
Overall, the results of the three coatings tested show strong relationships between the process parameters and 
coating microhardness. In general, an increase in the stand-off distance gives an increase in microhardness. This 
suggests that the particle velocity and its subsequent kinetic energy result in a significant transformation of energy, 
which in turn results in an increase in particle temperature. This temperature rise on impact can be significant under 
spray conditions where the thermal energy of the flame, as in the oxygen to fuel ratio 1.35:1, is less efficient in 
transferring heat to the particles. Some of the microhardness values show that using a less efficient or lower energy 
combustion condition can still generate particle deformation on impact at the shorter stand-off distances and can 
produce high microhardnesses values >1100 HV (30o). This implies that the particles velocity is the main contributor 
in transferring heat to the particles for deformation. This effect is observed in the agglomerated and sintered porous 
powder particles of AI-1075 and to a lesser extent in the ZRO 175 powder particles. This is potentially due to the 
greater fraction of block particles failing to deform due to their denser morphology. The fully dense morphology of 
the fused and crushed powder, 895.090 failed to develop microhardness levels above 670 HV (30o). This suggests that
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on impact, the slower velocity of the smaller sized particles has insufficient heat transfer and the coating deposited 
therefore contains partially melted particles.
The results also suggest that the influence of powder morphology on microhardness is related to the particle size and 
the particle density. Comparing the microhardness for each powder indicates that the larger particles with the lowest 
mass have the highest microhardness values. Both the larger size agglomerated and sintered ZRO 175 and AI-1075 
powders produce higher micorhardness values (1160 HV (3oo) and 1170 HV (30o) respectively), compared to the 
smaller fused and crushed powder 895.090 (970 HV (300)).
The sample RR7 (ZR0175) shown in Figure 6.6.3.1 is the only sample produced at the 1.66:1 ratio and was introduced 
to investigate the effect of increased total gas flow on the properties of the coatings. The low value of microhardness 
HV (300) 420 compared to the same samples sprayed with higher flame temperature ratio (1.5:1) at HV (300) 900, 
suggests that any benefit gained from increased particle velocity from the increased gas velocity will be eliminated 
by the decrease in thermal energy and the reduced dwell time in the flame.
Knowledge of coating properties is necessary to enable an engineer to design coatings for specific applications. It is 
also important to understand the process parameters that determine the characteristics of the coating. As mentioned 
at the beginning of this chapter, microhardness is often the first approximation o f the quality of a coating. For this 
work, Microhardness has provided a good indication of the coatings wear resistance, its strength and its erosion 
resistance. It has also provided a quick check of the quality of the process as porosity, un-melted particles and other 
defects have all affected the coatings microhardness. By understanding the relationships between porosity, 
microhardness and the process parameters, such as flame temperature and gun heat input, it is possible to diagnose 
and trace any coating quality problems back to the equipment used. Understanding these relationships is essential in 
a production environment where problem solving costs time and money. It is also important in coating development 
where an understanding of these relationships allows engineers to improve existing coating quality and develop new 
coatings.
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6.7 The effect of process parameters on surface roughness
As mentioned in section 4.7.1, the surface roughness of the thermal barrier coating in service has a strong influence on the 
cooling efficiency of the intake air as it passes over the turbine blade during operation. A higher surface roughness can 
create turbulence within the air flow above the surface thus reducing the thermal convection effect of the air and the 
extraction of heat from the component surface. It is therefore important to develop a coating with minimum surface 
roughness in the “as-sprayed” condition to improve air cooling and ultimately turbine engine efficiency. Post processing 
steps such as grinding or polishing of the thermal barrier coating increases cost and manufacturing time. The use ofHVOF 
spraying to reduce surface roughness is an area where it was expected the results would match and improve compared with 
the current manufacturing techniques of APS and EB-PVD. Using the same coated samples produced for the cross sectional 
analysis and microhardness testing, surface roughness values were taken from the range of samples, sprayed under different 
process parameters. By understanding the relationship between the surface roughness and the process variables, it was 
expected that surface roughness improvements could be made. These improvements would be a considerable factor in 
promoting HVOF thermal barrier coatings in applications where the surface area of the coating protecting the component is 
greater than those used in aerospace operations, such as land based gas turbines, where significant savings can be achieved.
Thermal barrier coatings produced using APS and HVOF processes are mechanically bonded to the substrate, and unlike 
chemical or metallurgical bonding they require a keying of the coating into the substrate. This keying as noted previously, 
involves pre-surface roughening of the substrate before spraying. It was therefore necessary to take into account this 
introduced surface roughness of the substrate before the ceramic coating was deposited. In order to do this, work was 
concentrated on producing a substrate surface roughness on the samples between 7-10 pm Ra. This roughness value is the 
minimum roughness level required by thermal spraying to achieve coating to substrate bonding. In many thermal spray 
coatings, post processing is required such as lapping and polishing for sub-micron finishes. In these “as-sprayed” coatings, 
roughness is not an important factor as a certain thickness of the top coating will be removed to achieve the required 
thickness and surface finish. Such coatings include metal alloys and cermets used for corrosive or wear protection.
The reproducibility of the surface roughness values was evaluated on coatings with the highest surface roughness finish. 
The Ra value taken from three different samples sprayed under identical conditions gave a reproducibility7 value within 
±3%.
The decision was made to measure the reduction or increase in surface roughness of deposited coating on the already 
roughened substrate. These surface roughness measurements were taken before and after to determine the change in surface 
roughness and the parameters that effect the change.
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6.7.1 Surface roughness of the agglomerated and plasma densified Amdry 204B-NS 
powder
It is necessary to note the effect of depositing large spherical Amdry 204B-NS plasma densified powder on the surface 
roughness on the remaining substrate as no measurable coating was observed However, for completeness the samples were 
inspected and some interesting effects were observed In general, the value of surface roughness of the substrate decreased, 
either from the removal of the rough surface peaks by the flame, or through any embedded powder between the surface 
peaks being sufficiently softened by the acetylene flame and adhering to the surface. A more probable effect is the 
bombardment of the roughened surface by the hard, dense, spherical yttria stabilised zirconia particles at high velocity on 
the substrate. This process is similar to the bead blasting used for surface texturing using spherical glass beads to change the 
surface finish of a substrate or to introduce compressive stresses into the surface, such as work hardening.
6.7.2 Surface roughness of the fused and crushed Amperit 825.090 powder
The angular, fine morphology of the 825.090 fused and crushed powder, implied that the final surface roughness of the 
coating may not be as smooth as that produced using the spherical type powders. The smaller size distribution of the 
powder may, however, fill up the troughs within the introduced surface easier than the larger particles.
Table 6.7.2 Fused and crushed Amperit 825.090powder samples sprayedfor surface roughness evaluation.
Sample
Number
Oxy-Fuel
Ratio
Stand-off
Distance
(mm)
Initial
Roughness
Ra
( p m )
Final
Roughness
Ra
( p m )
Roughness
Change
±Ra
( p m )
RR1 (825.090) 1.5:1 150 8.5 4.0 -4.5
RR5 (825.090) 1.5:1 100 9.0 3.5 -5.5
RR6 (825.090) 1.35:1 100 8.0 7.0 -1.0
RR12 (825.090) 1.5:1 75 7.0 6.0 -1.0
RR13 (825.090) 1.35:1 75 8.0 9.0 1.0
- - - Accuracy ±2% -
Figure 6.7.2 shows the results of the surface roughness tests carried out on the fused and crushed powder. They compare the 
surface roughness before and after a coating was deposited and show the difference in surface roughness as, ±Ra under 
different process parameter. For this type of powder, the number of coatings produced with different process parameters 
was reduced due to the lack of deposition efficiency to produce measurable coating thickness.
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The remaining samples produced for surface roughness show a number of interesting features. As expected, the majority of 
the process conditions produced a reduction in surface roughness as the dense angular powder was deposited within the 
troughs and peaks of the substrate. Unlike previous coating characteristics, however, such as microhardness and porosity, 
there appeared to be no direct relationship between the stand-off distance and the surface roughness. The shortest stand-off 
distance of 75 mm used to produce samples RR12 (825.o9o) and RR13 (825.090) did not result in a significant improvement of 
the surface roughness. Limited reduction of Ra -1 pm was observed using an oxygen to fuel ratio of 1.5:1, and an increase 
in roughness of Ra +1 pm was observed using a 1.35:1 combustion ratio. The increase in the surface roughness suggests 
that the deformation of the powder particles on impact is limited and the resultant splat formation and coating 
microstructure contains significant levels of embedded partially melted particles. This effect is confirmed by the 
microhardness values of RR12 (g25 090) and RR13 (825.090) which are not as high as would normally be expected for the
825.090 powder where a significant proportion of the coating is un-melted or porous. The deposition efficiency values also 
show high deposit levels of particles especially with the 1.5:1 combustion ratio which suggests that a certain level of the 
coating failed to fully deform.
It was the longer 100 mm and 150 mm spray distances that markedly changed and reduced the surface roughness of Ra - 
5.5 pm and Ra -4.5 pm to Ra 3.5 pm and Ra 4.0 pm respectively. This effect follows the trend shown by their deposition 
efficiency values. Both the 100 mm and 150 mm gave high DE values indicating deformation on impact.
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Figure 6.7.2 The effect o f stand-off distance on the surface roughness o f the angular andfine fused and crushed
Amperit 825.090powder.
The comparison in surface roughness change between the two combustion properties is only significant in the 100 mm 
stand-off condition. Here, the surface roughness for the higher heat transfer flame using an oxygen to fuel ratio of 1.5:1, is 
much lower after spraying compared to the limited change observed at the 75 mm stand-off distance. This suggests that
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there is an optimum distance for this type of powder, where the reduction in kinetic energy from the decrease in particle 
velocity is more than compensated for by the increase in heat input from the increased dwell time within the flame, over the 
longer distance. This increased time allows higher levels of conduction between the powder particle and the flame, and is 
important given the poor conducting qualities of the dense particles. This effect is not repeated using the powder particles 
within the lower heat energy flame using an oxygen to fuel ratio of 1.35:1. This condition shows only a slight improvement 
in surface roughness (Ra -2 pm) compared to the shorter stand-off distance.
6.7.3 Surface roughness of the agglomerated and sintered Plasmalloy AI-1075 
powder
The agglomerated and sintered powder morphology of the AI-1075 powder with its open porosity interior was expected to 
produce a lower roughness surface finish as the particles collapse and flatten on impact The powder size distribution, 
however, of this partially spherical powder -5+22 pm is larger than the -2+12 pm range of the angular powder and was 
therefore expected to produced improved results of surface roughness during these tests. The AI-1075 powder deposited a 
larger number of samples improving the scope for analysis and facilitating a greater understanding of the trends within the 
results.
Table 6.7.3 Agglomerated and sintered Plasmalloy AI-1075powder samples sprayed for surface roughness
evaluation.
Sample
Number
Oxy-Fuel
Ratio
Stand-off
Distance
(mm)
Initial
Roughness
Ra
( p m )
Final
Roughness
Ra
( p m )
Roughness
Change
±Ra
( p m )
RR1 (AI-1075) 1.5:1 150 9.0 4.5 -4.5
RR2 (a i- io 75) 1.35:1 150 8.5 6.0 -2.5
RR5 (a i-1075) 1.5:1 100 7.5 3.5 -4.0
RR6 (AI-1075) 1.35:1 100 7.0 8.0 1.0
RR9 (AI-1075) 1.5:1 200 8.5 8.5 0
RR12 (a i-1075) 1.5:1 , 75 8.5 2.5 -6.0
RR13 (Ai-1075) 1.35:1 75 8.0 6.5 -1.5
- - - Accuracy ±2% -
187
Chapter 6 Results The effect of process parameters on surface roughness
The results given in Figure 6.7.3 show that the combination of the spray distance and the combustion ratio has a strong 
influence on the surface roughness of the agglomerated and sintered powder, producing the yttiia stabilised zirconia 
coating. In general, as the stand-off distance decreases so the level of surface roughness decreases. For example, sample 
RR12 (Ai-1075) has a larger reduction in surface roughness (Ra -6 pm) compared to the 825.090 coating sprayed under 
identical conditions. This result also suggests that greater deformation and flattening has occurred with the agglomerated 
and sintered powder as the splat is twice the nominal size when compared to the angular fused and crushed powder.
6
4
2
E 0
ZL
*5 o a: -2
-4
-6
-8
Effect of Stand-Off Distance on Surface Roughness Change 
Agglomerated and sintered Plasmalloy AI-1075 powder
RR6
RR13
RR9
RR5
RR2
RR1
RR12
75 100 150
Stand-Off Distance (mm)
200
Oxygen to 
Fuel Ratio
H ratio 1.5:1 
□ ratio 1.35:1
Figure 6.7.3 The effect o f stand-off distance on the surface roughness o f the agglomerated and sintered 
Plasmalloy AI-1075 powder.
The trend is less defined at the 100 mm and 150 mm stand-off distances where the reverse is seen with the longer spray 
distance resulting in a greater reduction in surface roughness compared to the 100 mm stand-off distance. The results 
suggest that the particle velocity at the lower stand-off distance is greater and more dominant than the lower particle 
velocity observed at the longer spray lengths.
At the lower heat of combustion ratio 1.35:1, the larger surface roughness reductions are not observed. Only the 150 mm 
stand-off distance shows a significant improvement of Ra -3 pm. The resultant coating shows little change from its original 
grit blasted surface as the coating deposit has followed the surface contours and the peaks and troughs. It was expected that 
the larger diameter particles -20 pm that fail to fully deform on impact would produce much higher surface roughness 
values than the original grit blasted surface ranging between Ra 7-10 pm. An amount of softening therefore is taking place 
in-order to maintain the existing coating roughness.
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On average, the general surface roughness values for all four spray conditions show an improvement Surface roughness 
was reduced by Ra 2 pm indicating that the agglomerated and sintered powder with the spherical interconnecting porosity 
is more robust within its process parameters. This results in the powder being a more attractive material to work with, it 
being less sensitive to process variations compared to the 825.090 powder.
6.7.4 Surface roughness of the agglomerated and sintered Z R 0175 powder
The agglomerated and sintered powder ZRO 175 is similar in morphology to the AI-1075 powder but with a greater 
number of blocky, more cube like particles due to the manufacturing process. The interconnecting pores within its 
structure should promote heat input into the particle during the spray process resulting in improved splat formation 
on impact. However, the presence of the block fraction within the morphology may give differing surface roughness 
results to the AI-1075 powder. The ZRO 175 also produced the largest number of samples with measurable coating 
thickness. This provided the author the opportunity to investigate a larger number of trends within the powder 
process parameter combinations.
Table 6.7.4 Agglomerated and sintered ZRO 175 powder samples sprayed for surface roughness evaluation.
Sample
Number
Oxy-Fuel
Ratio
Stand-off
Distance
(mm)
Initial
Roughness
Ra
( p m )
Final
Roughness
Ra
( p m )
Roughness
Change
±Ra
( p m )
RR1 (ZRO 175) 1.5:1 150 8.0 7.0 -1.0
RR2 (ZRO 175) 1.35:1 150 8.0 7.5 -0.5
RR5 (ZRO 175) 1.5:1 100 7.5 3.0 -4.5
RR6 (ZRO 175) 1.35:1 100 8.0 6.0 -2
RR7 (ZRO 175) 1.66:1 100 9.0 8.5 -0.5
RR9 (ZRO 175) 1.5:1 200 8.5 15.0 6.5
RR10 (ZRO 175) 1.35:1 200 8.5 13.0 4.5
RR12 (ZRO 175) 1.5:1 75 9.0 2.5 -6.5
RR13 (ZRO 175) 1.35:1 75 9.5 6.0 -3.5
RR14 (ZRO 175) 1.66:1 75 7.0 5.0 -2.0
- - - Accuracy ±2% -
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Effect of Stand-Off Distance on Surface Roughness Change 
Agglomerated and sintered ZRO 175 powder
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Figure 6.7.4 The effect o f the stand-off distance on the surface roughness o f the agglomerated and sintered ZRO 175
powder.
A significant feature of Figure 6.7.4 is the number of process parameters that produced a reduction in surface roughness, 
resulting in a lower surface roughness coating compared to the original substrate. For the first time there is a consistent 
trend for the combustion flame 1.5:1 for this powder demonstrating that a decrease in the stand-off distance increases the 
reduction in surface roughness. When this powder is sprayed through the high heat energy flame there is an increase in 
particle velocity as the stand-off distance decreases. This causes increased deformation of the powder particle on impact. 
The greater the velocity therefore, the higher is the kinetic energy transfer into thermal energy and the flatter the particle 
deforms. This trend can also be extended for the first time to the 200 mm stand-off distance spray condition where a 
different effect is observed. This effect is a significant increase in the surface roughness compared to the substrate shot blast 
roughness necessary for mechanical bonding. This suggests that the particles impacting on the substrate fail to deform. 
Unlike other spray conditions not suitable for a coating deposit, however, they adhere and remain on the surface of the 
coating. Samples RR9 (ZRO 175) and RR10 (ZRO 175) both sprayed at 200 mm produced surface roughness values of Ra 15 pm 
and Ra 13 pm respectively, both of which are approaching the roughness levels produced by bond coat applications. These 
particles will have limited particle velocity over the extended spray distance but will have been exposed to the flame for a 
considerable period of time and will have undergone extended levels of heat transfer from the flame.
The results also show the relationship between the oxygen to fuel ratio and surface roughness for the agglomerated and 
sintered powder sprayed over the same stand-off distance. Samples RR12 (ZRO 175), RR13 (ZRO 175) and RR14 (ZRO 175) were all 
sprayed at a 75 mm stand-off distance using different oxygen to fuel ratios. Figure 6.7.4 shows that the reduction in heat 
energy transfer into the impacting particles, even at its highest kinetic energy state, still reduces the deformation on impact 
and increases its surface roughness. A different way to look at the effect is that the powder sprayed using the shortest stand-
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off distance and with high heat of combustion energy, produces the greatest reduction in surface roughness. Sample 
RR12(zro 175) in the “as-sprayed” condition has a surface roughness of 2.5%. This is a significant improvement compared to 
the two powders 825.090 and AI-1075.
The results also show for the first time deposits of measurable coatings when sprayed at the combustion ratio of 1.66:1 at 
the two shortest spray distances. Samples RR7 (Zr o  175) and RR14 (ZRO 175) both exhibit a slight but measurable reduction in 
surface roughness. This highlights the general versatility of the powder to changing gas flow rates that can occur in every 
day working practices.
6.7.5 Summary o f surface roughn ess features
Overall, most of the parameters selected to spray the different types of yttria stabilised zirconia powders produced coatings 
with a lower surface roughness compared to the original grit blasted roughness value. A number of the larger reductions in 
surface roughness have been produced at the shorter spray distances. There are, however, a number of anomalies that have 
changed this trend, such as the change in controlling effects from thermal to kinetic energy using the smaller angular 
powder. In general, the effects of the process parameters on the surface roughness followed the relationship already 
described for porosity and microhardness. This is an understandable effect as the surface roughness of a coating is strongly 
influenced by the coating microstructure.
Finally, Figure 6.7.5 details a number of the lower surface roughness values produced by the HVOF system compared to a 
typical plasma sprayed, thermal barrier coating (Ra 9 pm). This shows the benefit of the high velocity technique used by the 
HVOF system and the advantages it gives in respect to surface roughness.
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Figure 6.7.5 Comparison o f the higher surface roughness values ofAl-1975, 825.090 and ZRO 175 powders and
a typical plasma sprayed surface roughness value.
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6.8 Erosion resistance of the thermal barrier coatings
The development of thermal barrier coatings has been based on two different process technologies, namely 
atmospheric plasma spraying and electron beam physical vapour deposition of yttria stabilised zirconia ceramics. 
TBCs have been employed in aeroengine applications for over 30 years providing thermal protection in almost all 
sections of the engine. Their use, however, within the turbine section was, up until recently, limited to stationary 
parts. This slow endorsement of TBCs in this harsh section of the engine resulted from their historically poor 
durability particularly with respect to the erosion rate of the top ceramic coating. Recent studies (Meier and Gupta, 
1994), (Nicholls et a l, 1997) were aimed at evaluating thermal barrier coatings and have similarly identified that 
erosion is the major life limiting factor, both for aeroengine and industrial land based gas turbines.
The microstructure of plasma sprayed YSZ TBCs do not lend themselves to producing coatings with the necessary 
strain compliance, erosion resistance and surface finish required for their successful application on blade and nozzle 
guide vane aerofoils. Their introduction into the high pressure turbine has therefore been limited. As mentioned in 
section 4.7.1, the surface roughness of plasma sprayed coatings is of the order of Ra 9-10 pm, which relates to a loss 
of primaiy coefficient in the turbine of 2%. Polishing the APS TBCs to a surface finish of Ra 2-3 pm, will result in 
erosion of the coating back to the original Ra 9-10 pm in service.
Conversely, EB-PVD coatings have excellent strain tolerance due to their columnar nature and a surface roughness 
value of Ra 1 pm, which is approaching that of a polished metallic blade surface. Furthermore, the erosion 
resistance carried out in recent work (Rickerby and Morrell, 1997) is shown to be 7 times better than the APS 
coatings. One potential disadvantage of the EB-PVD coating is that its thermal conductivity is higher than the APS 
coating. This means that for it to have the same degree of thermal protection as the APS coating it would have to be 
twice as thick. The intention is therefore to find a coating with the thermal conductivity values o f an APS coating 
(i.e. 100 % dense YSZ; a thermal conductivity 50% lower than APS coatings, containing 10-15% porosity) and the 
surface roughness and the erosion resistance of an EB-PVD coating.
It was the intention of this work to evaluate the erosion performance of these unique dense HVOF sprayed YSZ 
coatings and to identify the potential benefits of these coating compared to the existing TBCs currently in service. In 
addition, the objective was to highlight any disadvantages the HVOF sprayed YSZ coatings may have over the strain 
tolerant EB-PVD and the APS systems.
Room temperature particle erosion was initially carried out to screen the large number o f samples sprayed under 
varying processing conditions in order to eliminate those with unacceptable levels of erosion resistance. The samples 
that failure at the lower temperature tests through excessive coating loss were expected to deteriorate still further at 
the higher erosion temperatures. Reproducibility tests were carried out on the first sample evaluated for room 
temperature erosion. The results showed that the erosion rate reproducibility was within ±5%.
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6.8.1 The influence of process parameters on the erosion rate of the fused and 
crushed Amperit 825.090 powder coatings
The dense angular and fine powder produced by the fused and crushed process in general, deposited reasonably 
dense, low porosity coatings with relatively high microhardness from a narrow range of process parameters, based 
around a 1.5:1 combustion ratio. The presence of fine evenly dispersed porosity in a number of the sample 
microstructures offered good erosion resistance. The behaviour of the more porous coatings with high levels of un­
melted particles provides an indication of a reduction in cohesive bond strength.
Table 6.8.1 Fused and crushed Amperit 825.090powder samples eroded at 298 K  using 3x 250 g  alumina grit
(Accuracy ±0. OOOlg).
Sample Number Coating
Thickness
( p m )
Initial
Mass
(g)
Coating mass after impact of 
erodent mass
(g)
250 500 750
Total Mass 
Loss of Coating
(g)
RR1 (825.090) 170 25.017 25.010 24.998 24.986 0.031
RR5 (825.090) 207 24.735 24.730 24.728 24.725 0.010
RR6 (825.090) 190 28.976 28.964 28.957 28.949 0.027
RR12 (825.090) 210 23.877 23.860 23.855 23.850 0.027
RR1 3 (825.090) 168 25.889 25.864 25.854 25.844 0.045
Stand-off distance 
— 75mm
 100mm
— 150mm
Total 
Mass loss 
(x10'3 g))
Fused and crushed Amperit 825.090 powder 
Ratios 1.5:1 and 1.35:1
-  -X - -  75mm (1 .3 5 :1)
20
750250 5000
Mass of Erodent (g)
Figure 6.8.1 The effect o f  erosion on coating material weight loss for the fused and crushed Amperit 825.090
powder at different stand-off distances using oxygen to fuel ratios o f 1.5:1 and 1.35:1.
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Figure 6.8.1 shows the effect of the stand off-distance on the angular and fine powder 825.090 and the resultant loss 
of coating mass during action of an erodent injected at right angles to the top of the surface. The spray condition 
RR5 (825.090), using the 100 nun stand-off distance gave the highest microhardness value of 970 HV^oo) and 
subsequently gave the lowest weight loss for this powder, with a constant amount of coating mass removed after 
every erodent load. This suggests that the fine (1-2 pm), evenly distributed porosity within the dense microstructure 
shown in Figure 6.5.1 exhibited a higher cohesive bond strength between the lamellae layers compared to the other 
microstructures. The total mass of the coating removed (0.010 g) represented about 2% of the total coating mass to a 
scar depth of 10-20 pm. Removal of the coating after each 250 g injection of erodent was at a constant rate 
suggesting that the bond strength within the dense, low porosity microstructure was equal through the thickness of 
the removed coating.
The sample RR12 (825.090) sprayed at a 75 mm stand-off distance showed significant levels of large porosity and 
under went coating delamination during surface preparation. The results showed considerable mass loss after the 
first erodent load, which was greater than the 100 mm sample. After this, over the next two erodent loads, the loss 
rate levelled out. Overall, the mass loss approached three times the level of the denser microstructure RR5 (825.090). 
The increase in mass loss over the first erodent attack can be explained by the loss of surface roughness as the peaks 
of the rougher samples are more exposed to erodent impact compared to the flatter more embedded peaks of the 
smoother samples.
The comparison between samples RR1 (825.090) and RR12 (825.090), sprayed under the same oxygen to fuel combustion 
conditions but with different stand-off distances, showed a similar overall mass loss after the total erodent load of 
750g load had been delivered. Notable, however, is the different loss rates over the individual load stages, especially 
over the first 250 g load. Surface roughness results indicate that the sample RR12 (825.090) has a higher surface 
roughness of Ra 6 pm compared to the RR1 (825.090) sample of Ra 4 pm. The initial loss in coating mass therefore is 
the result o f the removal of coating roughness. Further coating removal throughout the bulk of the coating takes 
place at a lower rate than is the case in sample RR1 (825.090). This was expected from this sample sprayed at the 
shorter stand-off distance.
A similar surface roughness feature can be seen between samples RR5 (825.090) and RR1 (825 090). The removal rate 
after the first erodent load is identical as both coatings have a similar surface roughness. After this point however 
the removal rate of the coating is much higher for the RR1 (825.090) sample sprayed at 150 mm compared to the RR5 
(825.090) sample sprayed at 100 mm. This indicates the importance of the particles’ velocity on splat deformation and 
the coatings’ cohesive bond strength. This observation suggests that once the surface roughness peaks had been 
removed, the rate of mass loss changed significantly with the influence of the spray distance becoming the 
controlling factor.
Figure 6.8.1 shows the effect of different combustion ratios on the erosion resistance of two samples sprayed under 
the same short spray distances. The sample RR13 (825.090) (ratio 1.35:1) showed a considerably higher mass loss of
194
Chapter 6 Results Erosion resistance o f the thermal barrier coatings
coating than sample RR12 (825.090) (ratio 1.5:1). A similar trend is then observed with both samples losing more 
coating mass after the first 250 g load followed by a period of constant mass loss. This effect suggests a consistent 
microstructure through the thickness of the coatings with no obvious deterioration in the inter-lamellae bond 
strength within each individual sample that could cause an accelerated loss of coating and a significant decrease in 
cohesive bond strength between each sprayed condition. The resultant reduction in heat transfer into the powder 
particles has reduced the degree of softening and deformation between impacting splats. The resultant decrease in 
surface contact area between the particles reduces the action of Van der Waal forces between lamellae, which 
provides the cohesive strength between the layers, thereby reducing erosion resistance.
The erosion rate of the coatings is calculated as the reduction of the ceramic weight loss verses the mass of erodent. 
For the coating of the fused and crushed powder, the erosion rate ranged between 0.02 g kg'1 and 0.06 g kg'1. Work 
(Nicholls et al., 1997) carried out on APS and EB-PVD coatings using erosion equipment at Cranfield University 
recorded weight losses of 5-20 g kg'1 for 100 pm alumina grit erodent. Comparisons of results suggest that the 
erodent velocity of the Cranfield experiments is much higher (50-400 msec'1) and removes much more coating than 
those carried out at the University of Surrey at a much lower velocity (50 msec'1). Work carried out at similar impact 
velocities (Toriz et a l,  1989) of 30 msec'1 using S i02 erodent at room temperature gave a closer collation o f erosive 
rates of 0.12-0.16 g kg'1 for APS coatings.
6.8.2 The influence of process parameters on the erosion rate of the 
agglomerated and sintered Plasmalloy AI-1075 powder coatings
The agglomerated and sintered powder of AI-1075 produced the highest value of microhardness of the three 
powders selected. There were, however, some microstructures with significant levels of large sized porosity when 
compared to the 825.090 powder coatings sprayed with the dense, angular powder under similar conditions. The 
presence of large porosity is expected to have a detrimental effect on the coating weight loss during erosion testing 
compared to any smaller finer evenly distributed porosity exhibited in the denser microstructures.
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Table 6.8.2 Agglomerated and sintered Plasmalloy AI-1075 powder samples eroded at 298 K  using alumina grit in
3x 250g  loads (Accuracy ± 0. OOOlg).
Sample
Number
Coating
Thickness
(p m )
Initial
Mass
(g)
Coating mass after impact of 
erodent mass
(g)
250 500 750
Total Mass 
Loss of Coating
(g)
RR1 (AI-1075) 220 27.007 26.998 26.987 26.967 0.040
RR2 (AI-1075) 150 24.908 24.900 24.877 24.851 0.057
RR5 (AI-1075) 230 26.846 26.829 26.820 26.810 0.036
RR6 (AI-1075) 180 27.822 No results
RR9 (AI-1075) 160 25.221 25.210 25.188 25.161 0.060
RR12 (AI-1075) 260 25.873 25.864 25.859 25.854 0.019
RR13 (Ai-1075) 160 23.060 23.045 23.036 23.030 0.030
Agglomerated and sintered Plasmalloy AI-1075 powder
Total
Mass loss Ratios 1.5:1 and 1.35:1
RR13 
(1.35:1 ratio)Stand-off
distance
70
—♦—75 mm
 100 mm
—^ —150 mm 
200 mm
60
40
20
0 250 500 750
Mass of Erodent (g)
Figure 6.8.2 The effect o f erosion on coating material weight loss for the agglomerated and sintered
Plasmalloy AI-1075 powder at different stand-off distances using oxygen to fuel ratios o f  1.5:1 
and 1.35:1.
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Figure 6.8.2 shows the influence of the stand-off distance on the total weight loss of the coating samples sprayed 
using a combustion ratio of 1.5:1 for the agglomerated and sintered powder. The results show that the shorter spray 
distance of 75 mm has the lowest erosion weight loss at 0.019 g of coating per 750 g of erodent at a rate of 0.025g 
kg'1. This is higher than the 825.090 sample with the highest erosion resistance of 0.013g kg'1. The highest erosion 
resistance values for the two powder types do not correspond to their respective highest levels of microhardness. 
This difference, however, can be explained by the improved inter-lamellae bond strength between the deposited 
layers. The splat morphology of the AI-1075 powder particles shows a greater degree of flattening of the spherical 
particles due to their more conductive inter-connecting porosity, which results in a higher surface to surface contact 
than the smaller 825.090 angular powder. As with the erosion rate of the 825.090 coating, the AI-1075 coating 
eroded at a constant rate confirming the homogeneous nature of both microstructures.
The highest erosion rate for this powder type was observed from the coating sprayed with the longest stand-off 
distance of 200 mm. The coating loss of 0.060 g resulted in an overall erosion rate of 0.080 g kg'1. The erosion rates 
of both the 75 mm RR12 (Ai-1075) and the 200 mm RR9 (Ai-1075) stand-off distances for the first 250 g erodent loads 
were similar at 0.036 g kg'1 and 0.044 g kg'1. As the removal of the coating increases and the erodent works its way 
into the bulk of the coating, however, the incremental erodent rate changes. For the third 250 g load of erodent, the 
rate of the 200 mm stand-off distance RR9 (Ai-1075) coating erodes at 0.108g kg'1 compared to the much lower 0.020 
g kg'1 erosion rate of sample RR12 (Ai-1075). The microstructures of the two coatings shown in Figure 6.5.5a and 6.5.6 
show a similar dense matrix of ceramic but with different sizes of porosity. There is no suggestion of high levels of 
porosity at the top of the coating that could account for the increased erosion rate at the end of the test. The 
microhardness values of both coatings also confirm the total erosion rate relationship, but not the difference in 
erosion rate through the thickness of the coating. It is suggested that for the similar erodent rates at the start of the 
test for both these samples and the markedly different changes in erosion rate towards the end of the tests is a result 
of the densification of the porous coating. As large spherical grid particles impact on the coating surface, the first 
effect that is observed is a crushing or closing of the existing porosity. This densification of the top coating reduces 
coating loss for a short period of time before coating removal takes places though the bulk of the coating.
Results by Nicholls (Nicholls et a i, 1997) on EB-PVD ceramic coatings observed near surface densification by the 
erodent particles on the columnar coating. This resulted in a reduction in erosion resistance and an onset o f rapid 
erosive loss. This pattern of erosion resistance of the microstructure of this powder type is observed in a number of 
the samples sprayed under different process parameters. This suggests that the microstructure of the agglomerated 
and sintered powder is more ductile in nature than brittle during erosive action.
The erosion rate for the sample RR13 (Ai-1075) sprayed with the combustion ratio of 1.35:1 and stand-off distance 75 
mm is shown in Figure 6.8.2 by the dotted line. Of note is the coating is significantly more resistant to weight loss 
compared with the 825.090 coating microstructure. This shows a good correlation in the microhardness of both 
coating microstructures as the agglomerated and sintered sample RR13 (Ai-1075) has a microhardness o f 1090 HV(3oo) 
and the fused and crushed powder sample RR13 (825.090) has a microhardness of 580 HV(30o> When both powders are 
sprayed under identical conditions it provides a good example of how powder morphology strongly influences the
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splat morphology, especially at the lower heat transfer flame, and also subsequently how it influences the interface 
bond strength between the individual particles as they build up into a coating. It is these bonds that need to be 
broken down as erosion takes place through the coating.
In general, however, the weight loss of the agglomerated and sintered powder is slightly greater than that of the 
dense angular and fine powder coating of 825.090 suggesting that the denser powder, if  sprayed with sufficient 
energy both thermal and kinetic, will deposit a more erosion resistant coating with its fine distributed microstructure 
and the lower proportion o f larger diameter porosity.
6.8.3 The influence of process parameters on the erosion rate of the 
agglomerated and sintered Z R 0 175 powder coatings
The agglomerated and sintered powder ZRO 175 gave microstructure and porosity levels similar to the AI-1075 
coatings. The microhardness values, however, had a number of conditions with slightly higher levels especially 
under spray conditions with only lower heat energies available, either from combustion or particle velocity. This 
process flexibility when reproduced by the erosion sample will be of significant benefit to coating applicators.
Table 6.8.3 Agglomerated and sintered ZRO 175powder samples eroded at 298 K  using alumina grit in 3x 250g
loads (Accuracy ±0.0001g).
Sample
Number
Coating
Thickness
(pm)
Initial
Mass
(g)
Coating mass after impact of 
erodent mass
(g)
250 500 750
Total Mass 
Loss of Coating
(g)
RR1 (ZRO 175) 230 27.071 27.065 27.058 27.048 0.023
RR2 (ZRO 175) 165 25.092 25.076 25.051 25.004 0.088
RR5 (ZRO 175) 240 25.670 25.665 25.662 25.658 0.012
RR6 (ZRO 175) 200 25.840 25.826 25.812 25.795 0.045
RR9 (ZRO 175) 140 25.583 25.567 25.555 25.542 0.041
RR12 (ZRO 175) 270 26.980 26.977 26.971 26.965 0.015
RR13 (z r o  175) 210 25.765 25.760 25.752 25.741 0.024
Figure 6.8.3 shows the relationship between the stand-off distance and erosion weight loss for the agglomerated and 
sintered powder ZRO 175. The powder, with the spherical interconnecting porosity, generated a microstructure that 
consistently followed an expected trend. The results overall show that a decrease in the stand-off distance decreases
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the coating loss whilst increasing the erosion resistance of the coating. With sample RR12 (ZRo 175) for example, the 
weight loss of the YSZ coating sprayed at 75 mm was 0.015 g for a 750 g erodent load producing an erosion rate of 
0.020 g kg'1. The erosion rate of the coating RR9 (Zr0  175) sprayed in the same combustion flame but at a longer 
stand-off distance gave an erosion rate of 0.055 g kg'1. The reduction in particle velocity due to the increase in 
external forces over the longer spray length has reduced the energy transfer on impact thus reducing splat formation. 
Higher levels of partially melted powder and higher porosity levels (>10%) have increased the erosion rates from the 
coatings microstructure.
The relationship of erosion weight loss for all the samples produced at the higher energy combustion ratio was 
generally linear with little evidence of the densification or surface roughness effects exhibited by the AI-1075 and 
the 825.090 powder respectively. The erosion rate for most of the samples remained constant suggesting that the 
microstructure was homogeneous, regardless of the level of porosity or degree of un-melted powders.
Sample RR9 (Zro  175), however, showed a small increase in weight loss due to the removal of its surface roughness 
during the first erodent loading o f250 g. After this point, the rate of weight loss remained in the range 0.048 - 0.052 
g kg'1. This initial increase in coating removal coincides with the high level of surface roughness value o f Ra 8.5 
pm, for the sample RR9 (Zr 0  175), which remained similar to its initial roughness value after shot blasting.
Figure 6.8.3 also shows the erosion rate of the two shorter stand-off distance samples RR12 (Zro  175) and RR5 (ZRO 175) 
(75 mm and 100 mm). Both samples have similar erosion profiles from 250 g to 750 g erodent impingement on the 
coating. This suggests that the inter-lamellae bond strength between the coatings is similar and that the deformation 
of the powder particles will not be increased by decreasing the stand-off distance from 100 mm to 75 mm.
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Figure 6.8.3 The effect o f  erosion on coating material weight loss for the agglomerated and sintered ZRO 175 
powder at different stand-off distances using oxygen to fuel ratio o f 1.5:1.
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In general, the weight loss of coating from the ZRO 175 powder was lower when compared to the AI-1075 and
825.090 powders. This relationship can be reinforced with the comparison of microhardness and porosity. Both the 
fused and crushed powder and the agglomerated powder of AI-1075 had microhardness values lower than the 
agglomerated and sintered powder which has the greater fraction of block particle ZRO 175. This relationship 
suggests that the denser microstructure resists particle erosion and the breaking down of the inter-lamellae bonding, 
resulting in the brittle fracture of the coating. Work (Takeuchi et al., 1991) using the VPS technique showed that the 
erosion resistance of the denser aluminium oxide, titanium oxide and chromium oxide coatings were greater than 
the more porous materials sprayed through the APS system.
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10X31 Agglomerated and sintered ZRO 175 powder
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Figure 6.8.3.1 The effect o f erosion on coating material weight loss for the agglomerated and sintered ZRO 175
powder at different stand-off distances using oxygen to fuel ratio o f 1.35:1.
Substrate 
(Nimonic C263)
Bond coat 
(MCrAlY)
Ceramic top
coat
(YSZ)
Figure 6.8.3.2 Microstructure o f coating ZRO 175 RR13 exhibiting higher distribution o f porosity near the top 
surface o f the yttria stabilised zirconia. (Mag. x 100)
The effect of reduced heat energy transfer by the use of the lower oxygen to fuel ratio 1.35:1 is shown in Figure 
6.8.3.1. It shows the increase in coating loss through erosion as the spray stand-off distance increases. The increase 
in the erosion rate over the final 250 g erodent action is different to the erosion rate of the other two powders where 
coating loss in the final load either reduces, due to the initial removal of surface roughness, or remains constant 
through the test.
Higher 
levels of 
porosity 
near surface
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This observation is seen in sample RR13 (Zro  175) with the high erosive weight loss of 0.011 g from the final 250 g 
erodent attack. This loss equates to 0.044 g kg'1 erosion rate which is significantly higher than the erosion rate of 
coated samples. Visual inspection of the coatings microstructure in Figure 6.8.3.2 shows higher levels of porosity 
near the upper surface compared to the same conditions sprayed using a 1.5:1 combustion ratio as shown in Figure 
6.5.4. This increase in erosion with increased porosity for YSZ coatings was also seen in other thermal sprayed YSZ 
coating work by Nerz et al., (1991) using the APS technique and by (Niemi et a l, 1993) using the D Gun ™ to 
deposit the A120 3 coating. This final piece of work is similar to the technique used in this project by the author to 
depositing ceramics coatings.
The presence of increased porosity in the microstructure near the top surface o f the coating using the ZRO 175 
powder is an effect observed in a number of coating systems with limited softening of the powder particle. The size 
and distribution of the porosity within the body of the coating can be reduced by the impact of the next layer of 
particles and the resultant splats. The force of the splat on the partially melted particles causes densification on 
impact. This reduces the size and number of pores that may occur within the microstructure. On the top surface and 
the final layer of coating, however, this densification will not occur thus leaving a greater level of porosity. Figure 
6.8.3.2 shows the increased presence of porosity and partially melted deposits at the top of the coating. In many 
thermal spray coatings, this problem is avoided as the top layer is removed to improve surface finish or to achieve 
coating thickness tolerances.
The relationship between surface roughness from the action of the initial 250 g erodent for the ZRO 175 powder did 
not show any increase in the erosion rate compared to the subsequent test. The surface condition of the three 
samples, RR13 (Zr o  175), RR6 (ZRO 175) and RR2 (ZRo  175) were all lower than their initial surface roughness range, due 
to the sufficient softening of the particles to produce flattening on impact. This effect is only significant in a number 
of the coatings especially those powders using the fused and crushed powder at the longer stand-off distances. This 
is an important benefit of the ZRO 175 powder, in that the robustness of the spray conditions allows improvements 
in surface roughness to occur across the range of parameters without increasing erosion rates.
The general relationship between the different powders microstructure, such as porosity, surface roughness and 
microhardness produced a good correlation with the room temperature erosion resistance of the coatings. As the 
stand-off distance decreases so the erosion resistance of all the three powders decreases. This is a clear indication 
that the particle velocity has a strong influence on splat deformation and lamellae bond strength. As the oxygen to 
fuel ratio deviates from the high flame temperature condition of 1.5:1, so the erosion resistance decrease within each 
powder type. This shows that the heat transfer between the combustion flame and the powder in-flight is essential 
for particle softening and good deformation on impact with the surface of the substrate or coating. It is the 
relationship between the powder morphology that appears to be the most critical especially at spray conditions where 
the degree of energy, either kinetic or thermal, is not as its highest. This can be seen in samples with oxygen to fuel 
ratio, 1.35:1 and stand-off distances longer than 100mm, using one powder which has erosion resistance comparable 
with other powders exposed to the highest energy conditions.
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An important feature of all the erosion work covered in this section is shown in the following relationship. It is the 
effect of the surface roughness on the initial erosion rate of the two coating after the first 250 g load. Figure 6.8.3 
shows the difference in the erosion rate between the two samples of similar microhardness but with different surface 
roughness. Samples RR1 and RR9 sprayed using the ZRO 175 powder have mircohardness values of 840 HV(30o> and 
830 HVooo) respectively. Their surface roughness values, however, were markedly different at Ra 7 pm and Ra 15 
pm as shown in Table 6.7.4. Figure 6.8.3 shows that the erosion rate of both samples remains relatively constant 
throughout albeit at very different rates. The RR1 (zro 175) sample has an erosion rate o f 0.031 g kg'1 but the sample 
RR9 (ZRO i75> has an erosion rate much higher at 0.055 g kg'1. It is concluded that this difference in erosion rate for 
two microstructures with the same microhardness is the result o f the difference in the surface roughness and the 
removal of the higher peaks over the Ra 15 pm surface. At no point in the removal o f coating did the erosion rates 
become the same. This is in contrast to the effect expected between two coatings with similar microhardness. The 
explanation for this effect is that the erosion of the coating is only taking place at the top surface and is primarily 
influenced by the surface roughness of the coating and is not taking place in the bulk of the coating microstructure.
6.8.4 Mid-temperature erosion evaluation on the agglomerated and sintered ZRO 
175 powder
In order to reduce the number of samples tested at 1070 K an intermediate temperature of 470 K was chosen. For 
completeness, an evaluation of one specific series of powders was selected for the erosion tests at the mid­
temperature of 470 K. The agglomerated and sintered powder ZRO 175 has so far shown the highest erosion 
resistance properties o f the three powders. This powder type was selected in order to test the whole range o f stand­
off distances of 75, 100, 150 and 200 mm using a single oxygen to fuel ratio of 1.5:1. This enabled a direct 
comparison between the room temperature erosion resistance o f the four stand-off distances against identical 
samples eroded at 200 K higher.
A major disadvantage of thermal barrier coatings is their relative poor ability to accommodate strain. It is this area 
that EB-PVD ceramics offer significant advantage over the thermal sprayed APS counterparts. A typical 
microstructure for a plasma sprayed TBC contains around 10-15% porosity introduced into the microstructure 
during the spraying operation. The presence of these cracks helps to minimise the stress that can develop for a given 
strain by reducing the elastic modulus of the ceramic. It is this degree of cracking present within the HVOF samples 
especially at the longer spray distances that behave in a similar way to the plasma coatings.
Figure 6.8.4.1 shows the difference in coating weight loss between the yttria stabilised zirconia at the three different 
spray distances at the two test temperatures. The first observation is that the erosion rates of the higher temperature 
samples are the same order of magnitude but greater than the room temperature tests. Sample RR12 (zro 175), 
however, the shortest spray distance 75 mm did not survive the test. Investigation after the first 250 g test at 470 K 
revealed the ceramic top coat had delaminated. The coating section that spalled away from the sample was not in the
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area of the erodent and was not as a result of erodent action. The microstructure of the RR12 (825.090) sample in 
Figure 6.5.3 had shown previous evidence of delamination during surface preparation. This was either as a result of 
coating weakness through contamination or lack of cohesive bond strength between the lamellae layers.
Figures 6.8.4a and 6.8.4b show further the investigation into the effect of coating delamination on the sample RR12 
(825 090) powder sprayed at the short stand-off distances. This effect is similar to the failure mechanism in RR12 (ZR0 
175) during mid-temperature erosion tests. The angular fused and crushed powder gave inconsistent powder feed rates 
with evidence of powder build up within the delivery system. Often this powder build up will release under back 
pressure from the carrier gas and flood the combustion chamber. The sudden loading of the flame with large 
volumes of powder often agglomerated and crushed together as a large mass of powder can deposit on the surface of 
the coating as a continuous layer of partially and un-melted powder particles. If subsequently, layers of softened 
powder are deposited on top of this layer, then a hidden lamellae layer of weakness is trapped within the coating. 
The use of the shortest stand-off distance would assist in depositing this layer of un-melted powder. These contrasts 
with the large plasma densified Amdry 204B-NS unmelted powder that failed to permanently adhere to the surface.
200 |im
Unmelted particles Weak cohesive bonding 
between lamellea
Figure 6.8.4a RR12 (825.090) Presence o f Figure 6.8.4b RR12 (825.090) Horizontal
delamination and unmelted segmentation o f the coating,
particles. (Mag. x 150). (Mag. x 50).
The erosion rate of the remaining samples that completed the test at the short stand-off distance (100 mm) was 
constant during the erodent loading for both the room temperature and the 470 K tests. As the spray distance 
increases to 150 mm and 200 mm at the higher combustion temperature, so the difference between the erosion rate 
at room temperature and 470 K increased as shown in Figure 6.8.4.1. For example, at the 200 mm stand-off 
distance, the difference in erosion rate at the higher temperature is 0.056 g kg'1 greater than its room temperature 
counterpart. The erosion rate is considerably higher than the total erosion of ail the HVOF coated samples deposited 
and tested at room temperature but it is still lower than the published work noted earlier on room temperature 
erosion of EB-PVD and APS thermal barrier coatings.
204
Chapter 6 Results Erosion resistance o f the thermal barrier coatings
This increase in erosion is primarily related to the increase in erodent velocity at the higher temperature within the
t
erosion rig. The effect has been observed by a significant level of work (Toriz et al., 1989) (Rhys-Jones et al., 1989) 
(Nicholls et a l, 1996) (Rickerby and Morrell, 1997) looking at the effect of increased temperature on the erosion 
resistance of EB-PVD and APS thermal barrier coatings. The motivation behind this considerable level of interest is 
the improved erosion development o f TBCs for turbine applications. The mid-temperature of 470 K used for this test 
is not expected to have an effect on the ceramic coating properties that would influence the erosion rate. This effect 
would take place at higher temperatures resulting in the need to repeat the erosion tests on these samples but at a 
higher temperature. This mid-temperature being significantly short of the temperature required to simulate the harsh 
engine environment that these coatings need to withstand.
Table 6.8.4 Mid-temperature erosion weight loss o f the agglomerated and sintered ZRO 175 powder @  470 K
(Accuracy ±0.0001g).
Sample
Number
Coating
Thickness
( p m )
Initial
Mass
(g)
Coating mass after impact of 
erodent mass 
@ 470 K (g)
250 500 750
Total Mass 
Loss of Coating
(g)
RR1 (ZRO 175) 240 35.378 35.372 35.364 35.348 0.030 A
RR5 (ZRO 175) 220 32.452 32.448 32.442 32.436 0.016 •
RR9 (ZRO 175) 150 30.870 30.848 30.835 30.787 0.083 -
RR12 (ZRO 175) 250 30.481 Coating Failure
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Figure 6.8.4.1 The influence o f erodent temperature on coating material weight loss for the agglomerated and 
sintered ZRO 175 powder at different stand-off distances using oxygen to fuel ratio o f 1.5:1.
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6.8.5 High tem perature erosion  resista n ce
Slow endorsement of thermal barrier coatings resulting from poor durability, especially in the areas of spall 
resistance and erosion performance, has encouraged considerable reporting in this area. EB-PVD and APS coatings 
have proven their flight service survival in a turbine environment. Recent studies noted earlier (Rickerby and 
Morrell, 1997) aimed at evaluating thermal barrier coatings have identified high temperature erosion as a major life 
limiting factor. An elimination process based on the previous results of the coatings microstructure, microhardness 
and low temperature erosion selection was used to reduce the number of samples for evaluation at the higher 
temperature of 1073 K. The criteria for the selection was based upon a combination of coating characteristics and 
commercial requirements. The samples needed to have a deposition efficiency value > 5% in order for the coating of 
any component to be commercial viable in respect of spray time. The coatings properties needed to have 
microhardness levels > 900 HV(30o) and no greater weight loss than 0.030 g after a 750 g load attack.
It was expected that the samples selected would have a varied microstructure with differing levels of porosity and 
surface roughness in order to investigate the influence of these coating characteristics on the high temperature 
erosion resistance of the coatings.
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Table 6.8.5 Selected samples in blue bold for high temperature erosion tests.
Sam ple Number D.E. >5% Microhardness 
>900 Hv (300)
Erosion Rate 
<0.03  g kg'1
m  r . t .
High Temperature 
Erosion
R R 1 R R 1 (AI-1075) - R R 1 (ZRO 175) -
R R 1 (ZR0175) -
R R 2 R R 2  (ZRO 175) - - -
R R 3 - - - -
R R 5  (825.090) R R 5  (825.090) R R 5  (825.090) R R 5  (825.090)
R R 5 R R 5  (ai-1075) R R 5  (AI-1075) R R 5  (ZR0175) R R 5  (ZRO 175)
R R 5  (ZRO 175) R R 5  (ZRO 175)
R R 6 R R 6  (ZRO 175) R R 6  (ZRO 175) R R 6  (825.090) -
R R 7 R R 7  (ZRO 175) - - -
R R 9 - - - -
R R 1 0 - - - -
R R 1 2  (825.090) R R 1 2  (AI-1075) R R 1 2  (825.090) R R 1 2  (ZRO 175)
R R 1 2 R R 1 2  (zro 175) R R 1 2  (zro  175) R R 1 2  (AI-1075) R R 1 2  (AI-1075)
R R 1 2  (AI-1075) - R R 1 2  (ZRO 175) -
R R 1 3 R R 1 3  (ZRO 175) R R 1 3  (AI-1075) - -
R R 1 3  (ZRO 175) - -
Table 6.8.5.1 The erosion rate ofsamples tested at 1023 K  using a single 750 g  o f  alumina shot (Accuracy
±0.0001g).
Sample
Number
Coating
Thickness
( p m )
Initial
mass
(9)
Final mass after 
750g @ 1023 K
(g)
Total
mass
loss
(g)
RR5 (825.090) 205 26.401 26.278 0.123
RR5 (ZRO 175) 235 27.873 27.403 0.470
RR12 (ZRO 175) 275 25.979 25.721 0.258
RR12 (AI-1075) 250 26.780 26.482 0.298
The high temperature erosion tests carried out on the selected samples showed surprising results. Figure 6.8.5.4 
shows the final weight loss is far in excess of the same samples eroded at room temperature and mid-temperatures.
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RR12 (Ai-1075) for example gave the maximum erosion rate of 0.025  ^kg for the erosion tests at room temperature 
where the powder was sprayed at 75 mm and 1.5:1 oxygen to fuel ratio. The highest erosion rate for these samples 
tested at 470 K was RR5 (ZRO 175) which had an erosion rate very similar at 0.021 g kg'1 but which was sprayed at a 
100 mm stand-off distance and the same oxygen to fiiel ratio of 1.5:1. The weight loss of the coatings of the four 
samples selected to erosion test at 1070 K ranged between 0.164 g kg"1 and 0.627 g kg'1.
Further inspection, however, shows that spallation of the coating had occurred and that removal of the coating was 
observed to be not only as a result of the general erosive action, but that the edges of the coated sample broke away 
from the substrate. Figure 6.8.5.1 and Figure 6.8.5.2 show the ceramic top coat missing from the top comer of 
sample RR5 (825.090) and a complete spallation of the coating RR12 (ZRO 175) through the section from one edge to the 
other. Two of the coatings RR5 (ZRo 175) and RR12 (Ai-io75), exhibited significant coating failure with 20-30% of the 
coating missing from the samples.
Figure 6.8.5.1 Shows corner o f erosion sample Figure 6.8.5.2 Complete spallation
FR5 (825.090). (Mag. x  5) RR12 (z r o  175). M aS■ x 16)
The spallation of coating is generally caused by the differences in the coefficient of thermal expansion (TEC) 
between the metallic substrate and the ceramic top coating. On cooling from a high temperature the mismatch of the 
TEC cause cooling stresses within the coating, which results in delamination or lifting of sections either from the 
substrate or through the thickness of the coating. With APS and EB-PVD coatings the presence of cracks and the 
nature of the columnar microstructure act as thermal stress and strain relievers that dissipate the strain within the 
coating. These cooling stresses are not only present in thermal spraying, but work (Takeuchi et al., 1990) on stresses 
specific to coatings reported that dense coatings are particularly susceptible to this kind of coating failure. This work 
on coating failure, however, looked at the thermal cycling of YSZ coatings over a significant period of time, 
temperature and frequency. These thennal cycle tests were operated at 1300 K for a number of hours, exposing the 
sample for over 1 0 0  cycles before failure occurred.
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All the samples selected for erosion testing at the higher temperature 1070 K were sprayed using the shorter stand 
off distances 75 mm and 100 mm with the particle velocities for increased kinetic energy transfer on impact as high 
as possible. All the samples were sprayed at the 1.5:1 oxygen to fuel ratio to the highest heat of combustion from the 
flame to softening the powder particles in flight. Microstructures of all the samples, RR5 (825.090) shown in Figure 
6.5.1, RR5 (ZRO 175) shown in Figure 6.5.4, RR12 (Ai-1075) shown in Figure 6.5.5 and RR12 (Zro  175) shown in Figure 
6.8.5.3 had varying levels of porosity. They ranged from the small (1-2%) inter-lamellae porosity in the dense 
coating produced by the fused and crushed powder to the larger more evenly distributed porosity (>5%) surrounded 
by dense ceramic matrix. With this varied level of porosity size and distribution it was expected that some degree of 
stress relaxation by the microstructure would occur and avoid coating delamination.
Substrate
Figure 6.8.5.3 RR12 (ZRO 175) sprayed at a 75 mm stand-off distance (Mag x200).
Observation of the failure mechanism of the sample in the high temperature erosion tests showed that initiation 
occurred at the edges of the sample. In thermal spray operations, the coating edges are prepared by rounding off the 
sharp edges that can raise stress that would otherwise result in lifting of the coating from the substrate. These 
samples were prepared with rounded edges, cleaned with care taken to roughen the surface.
In two of the samples an attempt was made to investigate the weight loss through erosion and not coating 
delamination. This analysis concentrated on the wear scar that remained undisrupted by the coating spallation. 
Investigation showed that the ceramic surface remained intact with a suggestion of coating breakthrough into the 
substrate. Previous results with room temperature weight loss values indicate that removal of the coating was limited 
to the top 10-20 pm of the top layer. On one sample RR5 (825.090) no visual scar depth could be detected.
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Figure 6.8.5.4 The comparison o f coating mass loss for samples eroded at ambient and 1023 K  
temperature for the three different powders sprayed under different conditions.
6.8.6 Thermal barrier erosion  sca r
Many of the samples erosion tested, particularly at room temperature, showed limited removal of the ceramic 
coating. These results show that coatings produced at the shorter stand-off distance using the ZRO 175 powder at 75 
mm and 100 mm have an overall total coating loss of less than 0.015 g after 750 g of erodent impacted on the 
sample. The author considers that much of the coating loss was from removal of the initial surface roughness and 
not from the bulk of the coating. Figure 6.8.6 shows the initial surface roughness of sample RR1 (Zro  175) before the 
erosion test using the Veeco 3D Surface Profiler and the Dimension 3100 Scanning Probe Microscope (SPM) which 
utilises automated atomic force microscopy (AFM). The system was used to show a representation of the initial 
surface roughness and the general effect of the erodent on the ceramic upper surface.
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Figure 6.8.6 Sample RR1 (zro 175) coating sprayed at a stand-off distance o f 150 mm at a 1.5:1 oxygen to fuel 
ratio.
The image in Figure 6.8.6 shows the surface of the ceramic coating with surface roughness values of Ra 7 pm 
measured by the Taylor Hobson Surftronic 3P. The scale of the image suggests that the maximum peak height 
(shown in red) is around 4 pm. The image fails to show the deep pits and only the peaks are clearly defined. The 
sample area of 10 mm x 10 mm was chosen as close to the footprint of the erosive scar produced by the erodent. The 
image shows the presence of relatively sharp peaks that are not clearly evident during visual inspection of the 
samples.
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Figure 6.8.6.1 The sample RR1 (Zro 175) after 750 g  o f erodent action.
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Figure 6.8.6.1 shows the effect of the erodent on the surface finish of the sample. The 3D image shows the removal 
of the fine peaks and a reduction in surface roughness. The arrow indicates the direction of the erodent with the 
slight removal of bulk coating appearing to be in the form of trenches created by the erodent. The results do show 
that a limited amount of coating has been removed from the surface by reducing the surface roughness. This may 
have a beneficial effect by increasing the cooling efficiency of the coating in service if  the engine debris erodes in a 
similar manner to the erodent.
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6.9 Determination of the failure mechanism of the high temperature erosion 
samples
Many failure mechanisms of thermal barrier coatings are associated with the residual stresses within the ceramic top 
coat as a result of limited microcracks, segmentation or edge effects. This type of failure mechanism is a main 
contributory factor when evaluating dense, low porosity coatings at high temperatures. Most of these failure 
mechanisms, however, take place after a number of high temperature thermal cycles (100s - 1000s). When stress in 
the ceramic system overcomes the decreasing bond strength at the bond coat surface, spallation of the ceramic layer 
will occur over an extended period of time. It is important to investigate the possible failure mechanisms that could 
result in immediate failure after a single cycle, as with the spallation of the coating of the samples used in the high 
temperature erosion tests.
An area that has been studied intensely is the failure within the bond coat or bond coat ceramic top-coat interface in 
EB-PVD or APS coating. The mechanism of spallation in EB-PVD coatings is fairly well understood (Wing, 2002). 
A thermally grown oxide acting as a glue, joining the ceramic layer to the bond coat, increases in thickness with 
time and temperature thereby increasing stress in the system. In addition, the bond strength between the thermally 
grown oxide (TGO) and the bond coat is weakened due to the diffusion of detrimental alloy elements to the bond 
coat surface. At high temperatures and exposure to oxygen, the TGO <x-A120 3 grows by mixed diflusion, anionic and 
cationic where aluminium diffuses from the bond coat to the oxide scale and oxygen diffuses outward to the 
aluminium oxide. Upon cooling, large residual stresses develop in the TGO layer due to the misfit with the 
substrate, which is caused by a difference in thermal expansion coefficient Further stresses can be generated by the 
three dimensional volume change of the Oxidation of the metal aluminium. These residual stresses combined with 
the interface roughness (Knight et al., 1998), gives rise to failure modes in the vicinity of the interface.
The results in Figure 6.9.1 show the interface between the yttria stabilised zirconia top coat and the CoNiCrAlY 
(Sulzer Metco Amdry 995C) bond coat in sample RR12 (Zr0 i?5> This sample was selected from the high 
temperature erosion tests at 1075 K resulting in coating spallation but significantly, it also failed at the mid 
temperature (470 K) tests due to coating delamination. These observations suggest that deterioration o f the coatings’ 
adhesive properties had occurred during the deposition process and not as a result of a single high temperature 
exposure. The presence of high concentrations of Al and 0 2 at the top coat /  bond coat interface suggests the 
introduction of a thermal grown oxide layer only 1-2 pm thick as the aluminium diffuses from the bulk of the 
CoNiCrAlY (8 wt.% Al) bond coating to the formation of a thin TGO layer.
Previous work (Brindley and Miller, 1990) indicated that the growth rate of the TGO film dictates the life of a TBC. 
At a TGO thickness of around 10 pm the top coat spalls if  exposed to temperatures of around 1200 K and at higher 
service temperatures of 1300 K the critical thickness of the TGO layer is reduced to 7 pm. This work was carried out 
on low pressure plasma bond coats that produced coatings with the low oxygen concentrations necessary for reduced 
bond coat oxidation during service. The bond coats used in the project were deposited using the HVOF process and
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hydrogen, which minimises internal bond coat oxidation (Schmalz, 1997). By depositing the top ceramic layer using 
the HVOF and acetylene process, however, the exposure of the bond coat is significantly different to other ceramic 
top layer deposition processes. The deposition of the YSZ layer using APS and EB-PVD takes place at lower 
exposure temperatures, 750 K and 1000 K respectively and more importantly at reduced oxygen atmospheres, 
thereby reducing internal bond coat oxidation and any initiation of the thermally grown oxide layer. In depositing 
the ceramic top coat using HVOF and acetylene, the MCrAlY bond coat will be exposed to gas temperatures above 
1500 K as shown earlier in Figure 2.8 (Oberkampf and Talpalikar, 1994), especially at the shorter stand-off 
distances of 75 mm. High temperature oxidation is further accelerated by the excess volume of oxygen within the 
acetylene flame. Work (Hewitt, 1972) shown earlier in Figure 3.8 indicates at an oxygen to fuel ratio necessary for 
the maximum flame temperature for acetylene, the flame has an excess concentration of free 0 2 and a lower 
concentration of the reducing elements H, H2 and CO. Figure 3.8 also shows the excess oxygen levels between 5 -  
10% at the maximum flame temperature for acetylene.
Bond coat
Sample RR12 (zro 175) 
Agglomerated and sintered powder 
75 mm stand off distance 
(1.5:1 oxy fuel ratio)
YSZ coat
10pm E lectron  Im age  1
10
Aluminum Ka1
100 -
Figure 6.9.1. EPMA line scan o f the YSZ /  bond coat interface o f sample ZRO 175 RR12 showing the
concentration o f aluminium and oxygen on the boundary layer. (Mag. x 2500).
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The aluminium line scan in Figure 6.91 and the data in Table 6.9.1 also show a gradual increase in Al content from
100 counts down to 50 counts over a thickness of 10 (im as the aluminium migrates from the bulk of the
*
CoNiCrAlY bond coat to the thermally grown oxide layer. This effect is shown by the EPMA spot analysis in Figure 
6 9.2 for sample RR5 (Zr o  175) where the spot analysis for aluminium through the thickness of the bond coat increases 
from 5.78 wt.% to 8.49 wt.% as shown in Table 6.9.1. Sample RR5 (ZRO 175) was exposed to an acetylene flame at a 
100 mm stand-off distance, however, due to the low deposition efficiency of the process, the underlying bond coat 
would have experienced a significant period of high temperature oxidation. The resultant growth of the TGO layer 
triggered coating spallation during the mid temperature and high temperature tests due to the thermal expansion 
difference between the substrate and the ceramic top coat.
Bond coat
1-4
Microprobe
analysis
Electron Image 1
Figure 6.9.2 SEM o f cross sectional o f sample RR5 (zro 175) show spot analysis o f aluminium. (Mag. x 450)
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Table 6.9.1 All elements analysed o f sample RR5 (z r o  175) (Normalised)
Spectrum In stats. O Al Cr Co Ni Total
1 Yes 0.79 8.25 16.06 36.24 39.45 100.00
2 Yes 8.49 20.26 39.73 31.53 100.00
3 Yes 7.19 18.18 36.96 37.67 100.00
4 Yes 5.78 18.78 39.99 34.64 100.00
Max. 0.79 8.49 20.26 39.99 39.45
Min. 0.00 5.78 16.06 36.24 31.53
All results in weight %
Surface roughness of the bond coat is also an important factor in the failure of TBCs. Work (Knight et al., 1998) 
showed that an important function of the bond coat is to provide a rough surface for improved top coat adhesion. 
Typical surface roughness values for low pressure plasma sprayed (LPPS) bond coats and air plasma spraying were 
13 pm and 11 pm respectively compared to the HVOF surface roughness values 7 pm. The results indicated that 
LPPS sprayed bond coats exhibited the highest bond strength with coating failure occurring in the ceramic top-coat 
and not debonding between the interface. HVOF sprayed bond coats with the lower surface roughness resulted in 
complete debonding from the substrates indicating that the bond coat ceramic interface has the lowest bond strength.
Figure 6.9.3 shows sample RR5 (825 090) with debonding between the ceramic top coat and the bond coat. The sample 
showed spallation of the YSZ top coat from the comer of the erosion test piece as shown earlier in Figure 6.8.5.1. 
The micrograph shown in Figure 6.9.3 and the micrograph shown earlier in Figure 6.5.1 detail the limited surface 
roughness on the underlying bond coat, which contributes to greater possibility of coating spallation.
Figure 6.9.3 Sample RR5 (82s.o90) showing Total debonding o f the YSZ top-coat from the bond coat. (Mag. xlOO)
Investigation into the effect of thermal ageing on phase composition as a possible failure mechanism for the HVOF 
sprayed samples is normally be investigated by EDS analysis. Previous work (Yasuda et al., 1995) showed that the
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distribution of Y20 3 within the coating strongly influences the transformation of tetragonal and monoclinic phases. 
The results indicated that a heterogeneous distribution of Y20 3 with levels below 6.5% resulted in increased phase 
transformation between the tetragonal and monoclinic phases resulting in a volume change and potential coating 
failure.
EDS analysis of the coating failed to distinguish between the yttria and zirconia peaks as shown in Figure 6.94 as 
the atomic mass of yttria and zirconia is 39 and 40 respectively, making it difficult to identify element distribution. 
Electron probe microanalysis (EPMA) was carried out on the sample RR5 (ZR0 175) to obtain the weight % of the 
yttria at five points within the YSZ coating. The results show in Table 6.9.2 that the distribution of yittria varies 
throughout the coating. The spot analysis 1 and 3 detailed in Figure 6.9.4 also shows the highest levels of yttria at 
5.00 and 5.58 at positions furthest away from the delamination. As the electron probe measured near the 
delamination the level of yttria reduces to 3.96 compared to the 7 weight percent present in the original powder. The 
results suggest that the heterogeneous distribution of yttria and the low concentration of yttria below 6.5 wt.% 
resulted in a phase change from tetragonal to monoclinic and a subsequent volume change causing coating failure.
Bond coat
Electron Image 1
Figure 6.9.4 SEM o f cross sectional o f sample RR5 (mo 175) show spot analysis o f  yttria. (Mag. x 450).
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Table 6.9.2 All elements analysed o f sample RR5 (Zr o  ns) (Normalised)
Spectrum In stats. O Al Cr Co Ni Y Zr Total
1 Yes 21.96 5.00 73.04 100.00
2 Yes 20.97 3.96 75.06 100.00
3 Yes 22.95 5.58 71.47 100.00
4 Yes 22.62 4.17 73.21 100.00
5 Yes 24.94 4.32 70.74 100.00
6 Yes 1.08 7.60 19.86 37.56 33.90 100.00
Max. 24.94 7.60 19.86 37.56 33.90 5.58 75.06
Min. 1.08 0.00 0.00 0.00 0.00 0.00 0.00
All results in weight %
A different failure mechanism was observed in the samples that gave the highest average microhardness value RR12 
(Ai-1075) H v (3oo) 1170. Figure 6.9.5a and Figure 6.9.5b show coating failure by debonding of the substrate / bond coat 
interface initiating at the edge of the sample. Here, the coating thickness of the bond coat is thin compared to the 
top-coat resulting in a mismatch of coefficient of thermal expansion, which has resulted in delamination through the 
bond coat substrate interface.
Figure 6.9.5a (Mag. x 75). Figure 6.9.5b (Mag. x 75)
Figures 6.9.5a and b Delamination o f the coating RR12 cai-io?5) through the bond coat substrate interface.
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Figure 6.9.6 EPMA line scan o f the YSZ /  bond coat interface o f sample RR12 (Ai-1075) showing the
concentration o f aluminium and oxygen on the boundary layer between the bond coat and 
substrate. (Mag. x 1000).
Initial delamination of the coating at the edge of the sample due to the thicker top-coating compared to the bond 
coat, lead to stress singularities and a build up of shear stress, which results in initiation of the bond coat spallation 
from the substrate. Electron probe microanalysis indicates that the TGO layer progresses through this delamination 
crack resulting in a high aluminium count 150 and high oxygen count 130 on the bond coat / substrate interface. 
The presence of the thermally grown oxide layer at this interface has significantly weakened the bonding between 
the two layers and the high temperature erosion test has triggered coating delamination.
219
Chapter 7 Critical evaluation in the use of acetylene and the HVOF spraying system to deposit dense yttria stabilised zirconia coatings.
Chapter 7 Critical evaluation in the use of acetylene and the HVOF spraying 
system to deposit dense yttria stabilised zirconia coatings
7.1 Powder morphology
Four commercial yttria stabilised zirconia powders with different morphologies were selected to investigate the 
effect of depositing a high velocity oxygen fuel coating with acetylene and their influence on coating properties. In 
understanding the relationship between the powder size, shape and density on the coatings microstructure, hardness 
and erosion resistance, it was then possible to develop a dense yttria stabilised zirconia coating for high-pressure 
turbine service.
The four YSZ powders chosen for the project had four different industrial methods of manufacture producing four 
different powder morphologies. The powder suppliers promote the flowability advantages o f these powders when 
used with plasma spray powder feeders. They publish the powder feed rates (kg min'1) as the measurement of 
flowability to highlight the commercial benefits of each powder.
The results of the project show that the larger, spherical agglomerated and plasma densified powder, Amdry 204B- 
NS, gave the highest powder feed rate. The partially spherical agglomerated and sintered powder, ZRO 175 had a 
slightly lower powder feed rate despite the presence of a blocky fraction within the more spherical agglomerates. 
The smallest sized angular fused and crushed powder, 825.090 gave the lowest powder feed value. The 
agglomerated and sintered powder AI-1075 also had a low powder feed rate despite its partially spherical shape 
similar to ZRO 175. All the powder feed rates were lower than the published values for these types o f powder 
morphology currently used in plasma spraying. An important factor in the lowering of the powder feed rate through 
the HVOF system compared to the plasma spray systems, was the requirement to reduce the carrier gas pressure. 
This pressure is necessaiy to force the powder into the combustion chamber from the powder hopper to overcome 
gravity and frictional forces within the delivery hose. In the lower energy HVOF system a decision was taken early 
in the project to reduce the carrier gas pressure to avoid quenching of the flame by an inert gas. The inert gases, 
nitrogen and argon, used to deliver powder played no role in the combustion process between the fuel gas and 
oxygen. Work (Horlock, 1999) carried out with HVOF spraying of aluminium sample for corrosive protection 
showed that the introduction of nitrogen can reduce the HVOF combustion flame.
Another difference between the two spray techniques that affected the powder feed rate was the back-pressure from 
the different combustion zones. Inert carrier gas is used to carry the powder from the powder feeder to the 
combustion chamber in the HVOF system and the cathode in the plasma system. A lower carrier gas pressure is 
necessaiy for plasma spaying to overcome the lower back-pressure generated within the cathode. The HVOF spray 
systems operate at higher fuel gas and oxygen pressures with the result that the gas flow rates generate much higher 
combustion back-pressures. The decrease in carrier gas pressure and the increase in HVOF back pressure therefore 
means that the delivery of the powder that would normally be rapid and stable, is now slower and inconsistent,
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especially with the smaller angular powder morphology. A potential solution is the use of flow enhancers. This 
proved successful in improving the flowability of the fused and crushed powder by 300%, but created problems with 
handling o f the powder and contamination of the coating. Modifications to the hopper design were also considered 
but rejected as being outside the technical scope of the project and in consideration of the potential safety issues.
7.2 Splat morphology
The morphology o f the splats produced when the molten, partially molten or un-melted powder impact a polished 
substrate was an important aspect of the coating characterisation undertaken in this work. Images using SEM of the 
plasma densified powder, Amdry 204B-NS, deposited using the APS process show considerable splat deformation 
over an area 2 to 3 times the width of the original powder size diameter. This splat morphology on a polished 
surface is not a typical representation o f the behaviour o f the powder particles on impact due to the surface 
roughness necessaiy for coated components. It is, however, a useful method to employ to predict the impact 
behaviour of the powder particles sprayed under different plasma spray parameters and to determine their influence 
on thermal barrier coatings.
The contrasting images of long thin tentacle-like splats radiating from the impact point in the SEM figures of the 
plasma splats (Figure 6.3.4), differs significantly to the circle of deposited fines o f the same size particles left 
imprinted on the surface of the substrate before falling off after HVOF spraying (Figure 6.3.1). These different splat 
images give a clear indication of the different thermal energies available to each spray technique. An expectation of 
the project, however, was that the increase in the particles’ kinetic energy associated with HVOF spraying would 
compensate for any reduction of powder softening when sprayed through a lower energy flame. The use of HVOF 
spraying with acetylene, however, especially with the limitation in pressures, did not match the particle velocities 
achievable using hydrogen or propylene whose particle velocities are in the order of 1000 msec"1. The limitation in 
particle velocity was observed with the Amdiy 204B-NS powder that failed to produce a measurable splat or coating 
using all the HVOF parameters.
The remaining three powders, however, absorbed sufficient thermal energy to soften to vaiying degrees, resulting in 
different splat formations. The two agglomerated and sintered powders for example, produced a flower type splat 
formation normally associated with elevated velocity and heat content particles. Conversely, the pancake splat o f the 
fused and crushed powder, is associated with less energetic techniques. These results showed favourable 
comparisons with work (Houben, 1988) carried out on APS spraying o f stainless steel, indicating the difference in 
energy absorbed on impact by the different powder morphologies, sprayed under identical conditions.
Further comparisons of different spray conditions showed that process parameters, such as stand-off distance and 
oxygen to fuel ratio, strongly influence the splat morphology. Short stand-off distances produced a high level of 
flattening and the longer spray distances resulted in partially and un-melted regions within the splat. This 
relationship between splat morphology and stand-off distance was similar to work (Vardelle et a l ,  1980) carried out
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on AI2O3 using APS and APS techniques using different particle velocities to determine the lamella’s size and 
thickness.
The presence of un-melted particles was more prominent using the lower energy, oxygen to fuel ratio as the degree 
of softening of the powder through heat transfer into the dense but poor conducting particles resulted in steep 
temperature gradients inside the particles. The resulting deformation on the exterior angles o f the splat in the fused 
and crushed powder with limited softening within its core, is a good example of this effect.
The objective of the project was to deposit a powder at high velocity, sufficiently softened to produce a dense, 
porosity free thermal barrier coating with improved erosion resistance properties that was still able to withstand 
thermal cycling and stress relieving mechanisms. The benefits of EB-PVD columnar structure and the presence of 
micro-cracks within the porous APS coating has long been understood in TBC development. The presence o f solid 
solidification cracking especially within the angular and crushed pancake shaped splats, gave encouraging signs that 
the growth of vertical interlamellae cracks would develop through the coating microstructure. The control of 
solidification rates using carbon dioxide cooling was also investigated in the early stages o f the work and w ill be 
discussed later.
7.3 Deposition efficiency
The deposition efficiency of all the powder and process parameter combinations gave low values compared to 
conventional HVOF and plasma sprayed coatings. The angular and fine powder 825.090 had an average DE value o f 
9% for the shorter stand-off distances. This value dropped to uneconomical levels at the longer distance and low 
combustion temperatures. This small operating window for the fused and crushed powder would restrict its use if  the 
low DE indicated poor quality coatings. Both the agglomerated and sintered powders showed similar trends as 
decreasing the stand-off distance and using the higher oxygen to fuel ratio produced the higher DE values. The 
maximum DE values of 14% and 16% for the AI-1075 and ZRO 175 respectively, showed the effect o f powder 
morphology on the deposition process. The presence of interconnecting porosity exhibited by both powders improved 
the deposit rate over the dense angular powder, sprayed under identical conditions.
The deposition efficiency values quoted by the powder and equipment suppliers are generally considered optimistic 
by the thermal spray industry. With values often quoted as low as 40-60% and reduced still further by the target 
efficiency, the powder adhering to the component as actual coating can sometimes be as little as 5-10%. It was 
therefore not a major objective of the project to achieve the deposition values of plasma as a potential commercial 
advantage of spraying high velocity oxygen fuel, thermal barrier coatings. During the spray process, however, the 
maximum deposition efficiency of a material is generally taken as a reliable indication of the degree of softening of 
the powder and subsequently its potential density. This is not necessarily the case with some metal alloy coatings, as 
high deposition efficiencies can also give rise to high oxide content, which is not desired in all applications. Yttria 
stabilised zirconia powder in its agglomerated and sintered form is not the most expensive thermal spray powder on
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the market, especially when compared to the metal alloy powders such as tungsten carbide cobalt and nickel, the 
prices o f which can vary on the world market on a monthly basis. If the deposition of a coating takes 2-3 times that 
of another powder or spray technique, however, then the associated gas and labour costs will become more 
important. A typical component part price breakdown details gas costs ranging between 10-20 % of the total price, 
with the consumables, such as the powder and the equipment parts ranging between 30-50 % and the remainder 
being accounted for in labour costs.
In achieving deposition efficiency values for the agglomerated and sintered powders ZRO 175 and AI-1075 of up to 
16% the author has confidence that the resultant wastage of powder w ill be acceptable in order to produce dense 
erosion resistance coatings and the benefits associated with them. The adoption of the process by Rolls Royce in the 
manufacture o f YSZ coatings for high pressure turbine blades, demonstrates this.
If HVOF becomes more acceptable in producing acetylene sprayed thermal barrier coatings on the fins and fences of 
high pressure turbine blades then any savings that are to be made will be derived from the higher powder feed rates 
and not from the improved deposition efficiency. If the rate at which the powder is delivered to the gun can be 
improved, then improvements in productivity can be achieved. The author considers that the combustion flame 
characteristics of an acetylene and oxygen mixture are considerably below the saturation of the flame. This allows 
considerably more powder to be softened within the flame boundaries before dilution reduces the heat transfer 
properties and the momentum transfer energy which can affect the deposition efficiency.
7.4 Density and porosity
A key objective of the project was to produce dense, low porosity, thermal barrier coatings with microstructure 
characteristics that will reduce erosion during engine service. The two commercial thermal barrier coatings in 
operation in aeroengines today are produced using the APS and the EB-PVD processes. One deposits coatings with 
specific levels o f porosity (10-15%) and the other, displays columnar cracks in the coating. It is widely accepted in 
the industry that these two features assist in relieving stresses in the coating during the thermal cycling o f an engine 
in service.
In order for the dense HVOF thermal barrier coating to survive thermal cycling it is necessaiy to initiate a level of 
porosity around the dense matrix to act as stress relievers. This is to avoid the possibility of the coating would 
spalling and therefore failing due to differences in coefficients of expansion between the dense ceramic and the 
Nimonic substrate.
The investigation by cross-sectional microscopy of the coatings showed that varying degrees of porosity can be 
generated from the spray techniques with the capability to spray both high levels and low levels o f porosity with 
changes in the spray parameters. Closer inspection of the coatings microstructure also indicated that different sizes 
of porosity were evident in the high velocity oxygen fuel process. A smaller more evenly dispersed inter-lamellae
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porosity was produced by the fused and crushed powder, compared to the larger open porosity o f the plasma sprayed 
coatings. It was expected that the smaller more widely distributed porosity would act as a stress reliever within the 
coating structure during thermal cycling whilst still maintaining the benefits of improved cohesive bond strength 
between the particles. This dense region within the coating was found during testing to more readily resist engine 
erosion.
A potential outcome of the investigation may prove that thermal cycling o f the coatings may only be achieved 
through increased levels o f porosity having reduced inter-particle bond strength in the denser regions. The ability to 
produce coatings similar to those currently being produced by plasma spraying with no improvement in erosion 
resistance is of no immediate benefit to the industry. Production of these coatings with a more complex gas delivery 
system, which consumes twice the amount o f powder currently used would be very difficult to promote to coatings 
engineers.
The development of a dense microstructure when using the shorter stand-off distance with the agglomerated and 
sintered powders in particular, showed the relationship between porosity and particle velocity, especially as the 
particle is sufficiently softened. Work (Haddadi et al., 1995) using the high pressure plasma spray system showed 
the relationship between plasma gas pressure, particle velocity and microhardness for a YSZ powder. The results 
showed that the increase in plasma pressure, and subsequent powder velocity produced denser coatings but with 
vertical segmentation cracks providing higher thermal shock life.
A potential solution to the control o f size, level and distribution of porosity within thermal barrier coatings was the 
use of the Aerosil ™ flow enhancers. This was successful in improving the powder feed rate of the difficult angular 
powder but was rejected on the basis that the powder proved difficult to handle and that it introduced impurities into 
the coating. The evidence that the Aerosil ™ remained within the coating after spraying through the flame leads to 
the possibility that this could be used to embed controllable size porosity into the coating either by attempting to 
bum the Aerosil ™ afterwards or leaving it within the coating. This could potentially lead to a way of controlling 
thermal conductivity and thermal expansion properties on a localised level as flow enhancers are added into specific 
regions of the coating.
A similar type o f work (Schlichting et al., 2001) investigated the effect o f controlled porosity on the thermal 
conductivity properties of dense and porous yttria-stabilised zirconia coatings. This, by introducing different 
amounts o f polymer spheres into the starting powder called the “fugitive polymer” method. This yielded coatings 
with uniform distributed porosities with a tight pore size distribution. These polymer pores were burned out at 
1000K leaving the controlled level and distribution of porosity behind. The results showed that an increase in these 
point defects caused a reduction in the intrinsic thermal conductivity due to the scattering of phonons responsible for 
conduction. The use of Aerosil ™ (S i02, melting point 2000 K) resulted in the spheres being deposited within the 
coating having failed to completely bum off in the flame. The presence of the Si within the coating is seen in Figure 
7.4. Using EPMA mapping, high concentrations of Si can be observed. It is then not possible to bum off the flow
224
Chapter 7 Critical evaluation in the use of acetylene and the HVOF spraying system to deposit dense yttria stabilised zirconia coatings.
enhance powder at the temperatures required due to the operating condition of the substrate generally around 1000 
K to 1400 K.
SiKal
Figure 7.4 EPMA mapping o f a cross sectional area o f yttria stabilised zirconia coating showing the
presence o f embedded Si. (Mag. x 200).
7.5 HVOF process parameters
The major benefit of the HVOF system over other thermal spray techniques is its ability to deposit dense coatings. 
This benefit is primarily achieved using high gas pressures and high gas flow rates with a combustion process that 
produces exhaust gases travelling at high velocities into which powders are injected. By removing the ability to 
spray at high pressure, acetylene needs to compensate for this limitation through changes to conventional process 
parameters. The project concentrated on two process parameters, the stand-off distance and the oxygen to fuel ratio. 
The stand-off distance controls the kinetic energy of the powder particles within the exhaust gases, while the oxygen 
to fuel ratio controls the thermal energy emitted from the exhaust products after combustion. By balancing these 
energy transfers into the powder, both in-flight and immediately before impact, process parameters were found to be 
able to control and influence coating properties.
An important gas related parameter associated with combustion flame processes is the oxygen to fuel ratio. This has 
been an important factor in the oxygen and acetylene flame cutting process as the temperature of the flame directly 
affects the cutting speeds and the thickness of the cut material. By changing this ratio it was possible to reduce the 
heat energy transfer properties of the flame and to vary the temperature by 50 K, below the maximum flame 
temperature. The importance of the oxygen to fuel ratio has previously been recognised in work (Kreye, 1991) 
investigating the effect of the oxygen to fuel ratios for a number of fuel gases and their relationship with oxidation of
Electron Image 1
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WC-C coatings. It has also been highlighted in work into the HVOF spraying of Cr20 3 (Cole, 1995) where the 
optimisation o f an acetylene flame and its effect on spraying a high melting point ceramic was investigated.
The results on the effect of the oxygen to fuel ratio on deposition efficiency and splat morphology in this project 
showed that as the heat energy o f reaction from the combustion products reduces so the deposition efficiency 
reduces. The oxygen to fuel ratio also has a strong influence on the splat morphology as insufficient heat transfer 
into the powder results in partially and un-melted deposits.
The results indicated that variations in the stand-off distances have considerable influence on the coatings density. 
Substrate to nozzle distances o f 75-100 mm produced the denser microstructures, with distances above 100 mm in 
general, giving lower microhardness, higher porosity and uneconomical deposition efficiency levels. Spray distances 
in the project were not used above 200 mm, however, hydrogen and propylene operate at distances up to 300 mm for 
conventional spraying of lower melting powders. It was decided early within the project to limit the stand-off 
distance o f the acetylene flame to below 200 mm due to the lower operating pressure of acetylene and to duplicate 
the stand-off distances used by the plasma spray system, which are normally much shorter than those used with the 
HVOF system. One benefit from this is highlighted in previous work (Barbezart, 1989) using HVOF and WC-Co 
powder and showed that particle velocities of powder less than 45 pm decelerated after 75 mm from 1300 msec’1 to 
400 msec'1 at 200 mm. The same work also showed that the particle velocity of an APS system spraying 23 pm WC- 
Co did not reach 200 msec'1.
The use of the shorter distances w ill assist sprayers in engineering operations as longer spray distances restrict the 
powder access in smaller confined spaces, such as internal bore spraying for thermal protection. Shorter stand-off 
distances did, however, cause a problem with the samples heating up. The close proximity o f the flame to the 
substrate resulted in an increase in sample temperature. It was necessary to use liquid carbon dioxide cooling, 
positioned away from the spraying area, to maintain a stable temperature without influencing the coating property.
7.6 Carbon dioxide cooling
Investigation into the development of thermal barrier coatings with columnar crack growth generated by influencing 
the solid solidification rate of the HVOF deposited YSZ using a cryogenic liquid is a project area where aeroengine 
manufacturers have a considerable interest Current manufacturing techniques to produce thick 250 pm TBCs with 
columnar cracks running vertically through the coatings are achieved using the costly EB-PVD process. Coating the 
total TBC system, including bond coat and top coat with the same HVOF process would be an invaluable production 
advantage in turbine repair and manufacture. The idea of controlling solidification crack growth within the coating 
by injecting liquid caibon dioxide at 197 K to influence the solidification rate is an interesting possibility. Research 
into the practicalities of influencing a powder particle after impact onto a relatively cold substrate was outside the 
scope of this project but is an area for further investigation. Initial SEM investigation showed the presence o f 
solidification cracks within a number of the HVOF splats, however, this is explained as lack of splat deformation
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and dilution. As previously mentioned, the investigation into the short stand-off distance made it necessaiy to use 
cryogenic cooling in order to reduce the overall sample temperatures. Impingement o f the C 02 jets took place away 
from the powder stream to avoid any influence by the cold liquid on the powder.
7.7 Microhardness
In some coating systems, a high microhardness is a reliable indication of an optimised process parameter exhibiting 
low levels of porosity within its microstructure. The work showed it was possible to produce a higher microhardness 
thermal barrier coating using the high velocity oxygen fuel system compared with the current production techniques 
of APS and EB-PVD. The dominant operating condition was the reduction in the stand-off distance irrespective of 
the powder morphology. This reduction in spray distance resulted in the particle velocity remaining high, which 
translated into a higher kinetic energy of the particle before impact and an energy transfer into the particles 
resulting in a temperature rise on impact It was reported (Joshi, 1992) that an increase in temperature at impact of 
1000 K was recorded on WC-Co particles impacting at 700-800 msec'1. This rise in temperature combined with the 
heat transfer from the combustion flame translates to significant softening of the powder and splat deformation to 
create strong inter-lamellea contact and inter particular bonding within the microstructure. It is these features that 
influence microhardness and why such effort is made to adapt the flame spray processes, D Gun ™ and HVOF, to 
spray oxide coatings.
The benefits of the oxygen to fuel ratio is shown to be more important when spraying the smaller denser fused and 
crushed powders than those of the larger spherical porous powders. The results show that a reduction >35% of 
microhardness occurred for sample RR6 <825.090) (1.35:1) compared to the sample RR5 <825.090) (1.5:1) sprayed at the 
same 100 mm stand-off distance. This decrease in microhardness is as a result o f a decrease in the combustion 
temperature and a lowering o f the heat transfer into the poor conducting particle resulting in insufficient softening 
and the presence of un-melted or partially melted deposits within the microstructure. Figure 7.7 shows the presence 
of un-melted particles embedded with the coating microstructure. The resulting average microhardness value o f 535 
HV<3oo) is, however, similar to the microhardness values achieved by APS spraying of -45+22 pm Zr02,7Y20 3 of 
610 HV<5oo) (Gitzhofer et al., 1986), but the coating contained 8% porosity and was sprayed over a stand-off distance 
of 70 mm.
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Figure 7.7 SEM o f longitudinal cross section coating RR12 (825.090) powder. (Mag. x 150).
For the larger agglomerated and sintered spray powder ZRO 175 and AI-1075 the effect of the oxygen to fuel ratio is 
less significant, especially at the shorter stand-off distances. At 75 mm and 100 mm stand-off distances the 
microhardness values at the upper and lower oxygen to fuel ratios are close, within 10-15% and for some spray 
conditions samples RR12 (Ai-1075) and RR13 (Ai-1075) respectively, the microhardness are also similar at 1150 H V (3oo) 
and 1090 H V (30o ) . These microhardness figures are higher than most APS and EB-PVD produced coatings but this 
comparison is unrepresentative as these coatings have porosity levels above 10%. A fairer comparison to the dense 
H V O F  coating is the microhardness values produced after high temperature annealing and sintering of the thermal 
barrier coating. Results (Gitzhofer et al., 1986) showed that “as sprayed” APS coatings were submitted to post 
annealing at 1670 K  for 100 hours increasing microhardness from 610 H V ( 50o) to 1050 H V (50o)- This annealing 
decreases the porosity and improves inter-lamellar contacts but it is impractical in industry operation for 
densification of turbine TBCs due to the processing time.
The trend where decreasing the spray distance, increases the microhardness value, is not always evidenced as shown 
with the dense angular and fine powder 825.090, where there is an optimum balance between the spray distance and 
the dwell time within the flame. By optimising the degree of softening on the powder, it was possible to achieve 
microhardness values for all three powders around the 1000 HV(30o) level. This showed the degree of cohesive 
bonding between one powder splat onto another and is far greater than that existing between plasma powder splats, 
irrespective of the higher levels of softening.
With the limited number of sprayed conditions giving measurable deposition efficiencies, a detailed relationship 
between a lower combustion ratio and microhardness was only possible with the ZRO 175 powder. This observation 
in itself suggests that the agglomerated and sintered powder provides industry operators greater processing
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tolerance. The results indicate that the effect of the oxygen to fuel ratio for the ZRO 175 powder is less critical to 
maintaining the microhardness levels when compared to the other powders where the microhardness levels fall 
sharply when the 1.35:1 combustion ratio is used. The powder microhardness remained consistently above 800 
HVooo) even at the longer spray distances (150 mm), which suggests that these coatings can improve the erosion 
resistance and still maintain sufficient levels of porosity and, or defects to act as stress relievers during thermal 
cycling.
7.8 Surface roughness
The surface roughness of a thermal barrier coating was expected to reduce when using the high velocity oxygen fuel 
technique. Coating materials sprayed using both plasma and HVOF processes when compared exhibit a lower 
roughness level on the HVOF coatings. A concern during the project was that insufficient softening o f the powder 
by the acetylene flame may result in un-melted powder adhering to the top surface and either remaining as a 
prominent peak or being dislodged in service, thereby leaving a trough and rougher coating surface.
Figure 7.7 shows the angular fused and crushed powder and the large proportion o f un-melted particles on the top 
surface and their effect on the surface roughness. For example, the surface roughness o f the sample RR12 (825.090) is 
Ra 6 pm with only a slight improvement from its original roughness of Ra 7 pm. This roughness value was expected 
to be much lower when using the smaller powder with the shortest stand-off distance, 75 mm. Due to the lack of 
dwell time in the flame and limited heat transfer into the powder, however, the impact velocity was insufficient to 
soften the particles, which deformed on impact leaving partially melted particles in the coating.
In general, the two agglomerated and sintered powders showed similar trends compared to other coating 
characteristic with roughness decreasing as the stand-off distance decreases in particular, at the higher combustion 
flame temperature. This effect did not show in the fine, angular and dense powder which exhibited limited changes 
in surface roughness at the shorter spray distances from its initial grit blasted condition. This suggests that the 
powder morphology and not the powder size is a controlling factor in generating surface roughness, especially when 
the degree o f softening is insufficient as seen with the shorter spray distances using the denser powders. As the 
degree of softening increases with the agglomerated and sintered powders, so the surface roughness values fall to 
levels approaching those o f EB-PVD surfaces and polished APS surfaces.
Work (Rickerby and Morrell, 1997) carried out on the polished surface of an APS thermally sprayed coating showed 
that Ra 2-3 pm surface roughness could be achieved. During service, however, erosion increases the surface 
roughness back to its original value of Ra 10 pm. Typical EB-PVD surface roughness values are Ra >1 pm, which 
can approach that of a polished metallic blade.
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A basic coating property, such as surface roughness, in many coating systems is unimportant or removed as part of 
the post treatment of polished and finished coatings. In an application where “as sprayed” coatings are the only 
option and a surface roughness of Ra 10 pm can contribute to a decrease of turbine efficiency of 2%, then the ability 
to control this simply coating characteristic becomes very important.
7.9 Erosion resistance
A major focus o f the project was to produce a thermal barrier coating with an improved high temperature erosion 
resistance over that which is currently produced by plasma and electron bean physical vapour deposition techniques. 
A coating with high microhardness, dense deposits and with limited porosity should give enhanced erosion 
resistance while maintaining the ability to thermal cycle at high temperature. The screening process eliminated 
potential samples by deposition efficiency, microhardness, room temperature erosion and mid-temperature erosion. 
The remaining four samples had been sprayed using three different powders and two different stand-off distances. 
All had been sprayed using a 1.5:1 oxygen to fuel ratio. The effect o f the oxygen to fuel ratio having been 
investigated was considered not beneficial to coating density and microhardness. Any microstructure features from 
changes in heat transfer can be repeated and achieved using powder morphology and a change in the stand-off 
distance.
The room temperature screening process investigated the powder morphology and the erosion resistance o f its 
microstructure. The results show an increase in the coating loss following an increase in the stand-off distance, 
which translates to a decrease in coating resistance. The same factors that increased the microhardness at the shorter 
stand-off distance, increase kinetic energy, translating into high impact temperatures which produced excellent 
splashing o f the particle on the substrate. If the kinetic energy release on impact with the substrate is greater than 
the surface tension forces keeping the liquid together then the disintegration of the lamellae can occur. These 
splashed lamellae can form the two principle forms: flower or pancake. The splash morphology o f825.090 shown in  
Figure 6.3.2.1 has very similar characteristic to the pancake form. The study by Houben, (1988) noted that the 
pancake form is associated with the mechanism for inter-lamellae bond strength and directly relates to the 
microhardness and ultimately erosion resistance of the coating. The highest erosion rate o f the fused and crushed 
powder at the shorter stand off distance is between 0.02-0.068 g  kg*1, which is significantly lower than published 
work in this area. A direct comparison is unrepresentative as most YSZ TBCs are deposited with high levels of 
porosity.
The splat deposits o f the agglomerated and sintered AI-1075 and ZRO 175 powders produced a flower like lamellea 
at the shorter stand-off distance. This type of splat is a characteristic o f vigorous and energetic spray techniques, 
such as those produced using the APS and VPS processes. The flower type splat can be seen in Figure 6.3.4 as a 
plasma sprayed deposit of ZRO 175 and to a lesser extent these features are seen in the flower type splat in Figure 
6.3.3. Figure 6.3.3 shows the AI-1075 powder sprayed at the 75 mm stand-off distance, suggesting that the 
deformation of the splat is greater than the pancake like form of the 825.090 splat but is less than the deformation of
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the plasma sprayed splat. The erosion resistance of the agglomerated and sintered powders confirms the difference 
in deformation and its relationship to the particle bond strength. The highest erosion rate for the ZRO 175 powder at 
the short stand-off distances, 75 mm and 100 mm is 0.024 and 0.02 g kg'1 respectively. These results are lower than 
much o f the published work for room temperature erosion and for the fused and crushed samples sprayed under 
identical conditions. For example, work (Meier and Gupta, 1994) carried out on the room temperature erosion 
testing o f EB-PVD using 60-130 pm S i02 erodent at a test velocity o f 30 msec'1 gave an erosion rate o f 0.12-0.16 g  
kg'1. Using the same erodent size and test velocity, an APS coating o f Zr02 8 wt.% Y20 3 produced an erosion rate of 
0.13-0.36 g kg'1.
The effect o f surface roughness on erosion tests needs to be mentioned in respect to the total erosion rate on some of 
the samples. The results show that the initial removal of peaks from the higher surface roughness samples, as shown 
in the 3D surface profiler using AFM increases the erosion rate. This suggests that further erosion into the bulk of 
the coating is limited to a depth of Ra 10-20 pm, producing lower erosion rates of 0.01 g kg'1. In a number of the 
denser samples, the erosion o f the surface roughness accounts for a significant proportion o f the total erosion.
The mid-temperature erosion work at 473 K was carried out to produce a full range of erosion results on a single 
powder morphology. The agglomerated and sintered powders ZRO 175 produced the largest number o f samples 
with the measurable thickness required for the erosion testing. At the lower temperature 473 K test, it was possible 
to remove the samples after each 250 g  charge o f erodent allowing investigation o f the individual erosive rate. The 
results showed a trend where the longer the spray distances the higher was the erosion rate compared to the shorter 
distance conditions. On one occasion, ceramic coating failure occurred away from the erosion area and would appear 
to be as a result of coating contamination within the microstructure or a weakness within the inter-lamellae layers. 
This sample was sprayed at a 75 mm stand-off distance and appeared to have a similar failure mechanism to the 
fused and crushed powder 825.090.
Comparing the mid-temperature tests and the room temperature tests, the results showed differences in erosion rates. 
The samples sprayed under identical stand-off distances and flame temperature conditions exhibited increased 
erosion rates at the higher erosion temperature. The room temperature erosion rate for RR5 (zro 175) was 0.016 g  kg'1, 
for the same spray conditions in the mid-temperature test, this had increased to 0.024 g kg'1, an increase o f 50%. 
Previous work (Toriz et a l ,  1989) carried out comparing two APS thermal barrier coatings eroded at high velocities 
but with similar temperature differences showed a similar increase in erosion rate. The work indicated that this 
increase had been the result o f the increase in erodent particle velocity at the higher temperatures and not from any 
temperature effects on the coating microstructure.
The mid-temperature erosion test showed variations in erosion rates between the erodent actions compared to the 
consistent erosion rate of the room temperature tests. Samples RR1 (zro 175) and RR9 (Zr 0 175) sprayed at the longer 
stand-off distance, 150 mm and 200 mm respectively, gave high erosion rates during the loading o f the third 250 g 
erodent. For example, RR9 (zro 175) had an erosion rate of 0.192 g kg'1 for the final load compared to the 0.088 g kg'1
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at the beginning of the test. This over two-fold increase in coating loss is potentially down to the inhomogeneous 
nature of the sample sprayed, especially at the longer stand-off distance. Coatings are not completely homogeneous 
as they are sprayed with powders which have particles of different sizes and different morphology, as in the case of 
ZRO 175 whose agglomerated and sintered fractions also contain a proportion of blocky and denser particles. This 
difference in density of the powder within the flame, affects particle velocity due to its change in mass and its 
change in particle conductivity as a function of heat transfer into the particles, which is strongly influenced by its 
density. A situation arises therefore, where a proportion of the particles deposited within the coating, sprayed under 
identical flame conditions, have differing degrees of softening.
Unmelted regions
Bond 
fcoat void
Figure 7.9 a RR9 ZRO 175. (Mag. x 100). Figure 7.9b RR9 ZRO 175 (Mag. x 500)
Both Figure 7.9a and Figure 7.9b above show a SEM image o f ZRO 175 RR9 sprayed at a stand-off distance o f 200 
mm. The figures detail a region within the denser section o f the coating that has a significant level o f un-melted 
particles and porosity.
This inhomegenity may not be identified from microhardness tests, as averaging the samples’ microhardness will 
reduce the effect to the extent that it may be missed during the sampling procedure.
The inter-particle bond strength between these un-melted particles are loosely held together and will readily break 
under the erosive attack of the aluminium oxide erodents. The erosion resistance of APS coatings was investigated 
(Nerz et al., 1991) and showed that the erosion resistance of the more porous regions within a VPS Zr02, 7.5% 
Y20 3 was always greater than the denser regions of the microstructure. There are, however, a number of 
publications (Taylor et al., 1987) (Kingswell et al., 1990) that report that erosion resistance may improve with 
increased porosity under hot erosion wear. It was found that coating wear results mainly from fracturing and that 
porosity could improve erosion resistance owing to arresting the cracks by the pores. Moreover, the resistance of the
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tested oxides seems to increase starting at 600 K as a result of increased material plasticity. A120 3 and YSZ coatings 
were tested using the APS process at high and low impingement angles.
Four samples were selected for the high temperature erosion tests. Spray conditions were eliminated on the basis of 
three criteria, deposition efficiency, microhardness and the room temperature erosion. The spray condition selected 
was required to deposit a thickness 200 pm at a DE greater than 5%. It was expected that the resultant coating 
would exhibit microhardness values above 900 HV(30o) and erosion rates o f > 0.04 g kg'1 at room temperature. The 
four samples that matched these criteria, were sprayed using three different powders, two different stand-off 
distances and a single oxygen to fuel ratio.
The high temperature erosion work at 1070 K over 1 hour was to be the sternest test for the HVOF sprayed coatings, 
with the combined action o f the erodent loading at higher temperatures. Final observation o f the coated sample 
showed coating delamination and ejection of the full coating thickness from the substrate in the area of the erosion 
scar and in other areas. This resulted in accelerated weight loss measurements not related to the effect o f the 
aluminium oxide erodent. The weight loss as a result of erosion showed no significant scar depth. Investigation of 
the remaining erosion scar showed that the surface roughness had been removed with no significant evidence of 
weight loss from the bulk ceramic. Surface measurements with a profile micrometer indicate that a scar depth of 10- 
20 pm had been removed representing only 10% of the coating. This can be seen in the top centre o f Figure 6.8.5.2 
as a darker region on the YSZ coating. It can be estimated from the depth o f the erosion scar that the approximate 
erosion rate is similar to the levels observed by the mid-temperature samples at 0.047 g  kg These results, 
however, do not compare favourably with the level of erosive loss of a number of reported tests including 210 g  kg'1 
(Nicholls et al,. 1996) for APS at room temperature.
Figure 7.9.1 shows a SEM of the surface roughness of a sample (not used at the high temperature) after erodent 
action and indicates areas o f top surface densification by the spherical A120 3 erodents. Other areas on the near 
surface of the coating positioned along side the densified regions, are areas where coating “pull out” has occurred. 
Large (5 pm) areas o f coating have been removed as a result o f poorly bonded splat boundary layers. This contrasts 
with the EB-PVD erosion damage mechanism which results in extensive fragmentation o f the column tops and 
lateral cracking. The coating depth typifies brittle response at 1100 K which equates to an erosion rate o f 28.5 g  kg'
1 using 100 pm A120 3 at 230 msec'1. An example of the depth of the coating scar on the EB-PVD surface exhibiting 
these erosion rates was 110 -175 pm.
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Figure 7.9.1 An erosion scar surface showing regions o f dense coating and “pull-out” features. (Mag. x 400).
7.10 Coating failure m echanism  o f erosion  sa m p les
It was important to attempt to determine the failure mechanism of the HVOF samples during the high temperature 
erosion tests based on the previous failure mechanisms for EB-PVD and APS coatings.
Coating failure of the erosion samples is an important aspect of the results as all the coatings showed significant 
material loss after a single thermal cycle. To explain the failure mechanism it was necessary to investigate the 
failure of thermal barrier coatings sprayed using other techniques such as APS and EB-PVD. One such failure 
mechanism is the initiation of a thermally grown oxide layer (TGO) between the yttria stabilised top coat and the 
MCrAlY bond coat. As the thickness of the TGO oxide layer increases due to aluminium migrating to the layer, so 
stresses between the different layers weakens the interface.
When stress in the ceramic system overcomes the decreasing bond strength at the bond coat surface, spallation of the 
ceramic layer will occur. This mechanism is clearly observed in a number of the high temperature erosion samples 
initially exposed to the HVOF deposit process as the ceramic top-coat is put down. The oxygen rich flame at over 
1500 K impinges on the MCrAlY bond coat for a significant period of time causing migration of the aluminium 
through the thickness of the bond coat forming the TGO layer at the ceramic top-coat / bond coat interface. This 
high temperature oxidising effect is not an issue with the APS and EB-PVD coating.
Failure of the cohesive bonding of the YSZ coating was observed in one of the samples indicating that phase 
transformation resulting in a volume change was responsible for coating spallation. Heterogeneous distribution of 
yttria through the coating causes phase transformation from the tetragonal to the monoclinic. This occurs primarily 
during solidification when yttria levels within the coating are below the critical levels for transformation.
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Investigation (Bengtsson et al., 1995) into the thermal shock resistance of APS coatings sprayed at different coating 
temperatures provided an overriding explanation o f the failure mechanism o f the dense HVOF coatings. The plasma 
coatings investigated were sprayed at steady state temperatures ranging between 500 -  1000 K. Evaluation of 
microstructural cracking and residual stress measurements were tested against the coatings thermal shock resistance. 
The generation of vertical segmentation cracks was introduced into an APS coating to improve the thermal cycling 
properties o f the TBC microstructures. The results showed that vertical crack growth density increased with the 
higher coating temperatures during spraying. This is due to the outer part of the specimen cooling rapidly but 
associated shrinkage is hindered by the warm interior o f the specimen. The tensile stresses that develop in the outer 
part of the specimen cause vertical cracking and segmentation as relaxation occurs. During thermal shock testing, 
failure occurred in the specimen by propagation o f horizontal cracks in the top coating. Samples with higher 
densities of vertical crack and segments showed longer thermal shock life. This is due to the higher degree of stress 
relaxation from the presence o f the vertical cracks. The absence o f any vertical segmentation and cracking within 
the HVOF coatings would not have helped in the survival of the samples during high temperature erosion testing 
and potentially triggered the initiating failure mechanism discussed previously.
7.11 Summary of evaluation
The development o f the high flow, high pressure acetylene supply system for use with HVOF equipment was a 
significant achievement of the project. Early success with the deposit of dense yttria stabilised zirconia coating with 
a number of the powders had indicated that acetylene, once optimised with respect to the stand-off distance and the 
combustion ratio would achieve the projects objectives. The system is now capable o f delivering the necessary flow 
rate and pressure to the combustion chamber in order to optimise the benefits o f the high velocity system. The 
design of an industry approved safety control console has also been a positive milestone in the industry acceptance of 
acetylene for HVOF installations.
An understanding of previous work on heat energies of combustion and momentum transfer from the flame to the 
particle helped optimise the parameters for the essential softening o f the powder and the right splat morphology. 
Early successes with porosity levels, surface roughness and microhardness values indicated that the HVOF had 
deposited a coating significantly different to EB-PVD and APS. It is, however, recognised that a greater 
investigation into the porosity and vertical crack growth that act as stress relievers may have provided further scope 
to build upon the failure o f the high temperature erosion samples and this now is an area for future research. The 
room temperature erosion test display the relationship between erosion resistance and coating properties and how 
these then relate back to the process parameters.
The coatings are currently being reproduced and sprayed in industrial production on the high pressure turbine using 
HVOF and acetylene, deposited at 100 pm and are dense in nature (Appendix D).
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8.1 Aims and objectives reviewed
• The overall scientific aim of this project was to deposit a yttria stabilised zirconia thermal barrier coating using
the high velocity oxy-fuel process with acetylene. The purpose being to position a unique contribution to the
advancement of knowledge and understanding in this area.
This has been successfully achieved. A number of dense yttria stabilised zirconia coatings have been produced, 
using powders with different morphololgies using acetylene fuel gas with a HVOF system. These coatings are 
currently in production on the fins and fences of a high pressure turbine blade in the Rolls Royce Trent 800 
aeroengine (Appendix D), (Creffield and Cole, European Patent EP 0 825 273 A l, 1998).
The key objectives of the project have all been achieved. The salient points are:
•  To design a high flow acetylene supply system in order to maximise the benefits of the HVOF process while
maintaining the thermal combustion properties of acetylene.
The author modified an existing low flow acetylene supply system with a number of safety control devices that 
restricted flow and reduced the pressure to the application. Modifications included the design o f a flashback 
arrestor in parallel and replacement of low flow equipment with approved increased specification devices. The 
improvement in acetylene flow and reduction in pressure restriction maximised the benefits of the fuel gas (Cole 
and Gabzdyl, 2001).
• To evaluate 4 yttria stabilised zirconia powders with different powder morphology to produce a measurable 
coating thickness and commercially acceptable deposition efficiency.
Elimination of one of the powder morphology left three powders with different powder morphologies. Powder 
splat investigation and powder feed rate trials achieved low but commercially acceptable, reproducible deposit 
rates and coating thickness.
•  To overcome the lower thermal efficiency of the HVOF process compared to the APS and EB-PVD processes.
An understanding of the oxygen to fuel ratio of acetylene and the combustion properties of the acetylene flame 
was gained. This was used to maximise the thermal energy of the process achieving deposition efficiencies 
approaching those of APS and EB-PVD.
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•  To investigate the relationship between the HVOF process parameters and the coating characteristics in order to 
contribute to the understanding of the energy transfer interactions between the flame and the powder particle.
Variation in the process parameters with respect to the degree of softening of the powder proved the different 
energy interactions within the flame and demonstrated the powder had a significant and reproducible effect on 
coating characteristics (Cole and Walker, 2000).
•  To optimise and test the HVOF process parameters to deposit denser, lower porosity, higher microhardness and 
improved erosion resistance coatings compared to APS and EB-PVD yttria stabilised zirconia coatings.
The shorter stand-off distances and the higher temperature oxygen to fuel ratio produced dense veiy low 
porosity coatings with reproducible microhardness levels significantly higher than APS and EB-PVD. A 
significant improvement was also achieved with the surface roughness using HVOF, which is of considerable 
benefit to TBC aerospace coatings (Cole, 2001).
• To investigate the failure mechanism of the dense, low porosity yttria stabilised zirconia coatings at high 
temperatures.
The literature review suggested that a thermally grown oxide (TGO) layer between the ceramic top coat and the 
bond coat is a common failure of EB-PVD. Electron probe microanalysis proved migration of aluminium and 
the presence of a thin TGO caused by exposure of the bond coat to the HVOF high temperature oxidising flame.
8.2 Observations
At the beginning of the project it was not clear if  the use of acetylene for high velocity oxygen fuel spraying of the 
ceramic, yttria stabilised zirconia for thermal barrier coatings applications was possible. The acetylene and oxygen 
combustion flame needed to have sufficient thermal energy to soften the powder particles while maintaining the 
particle velocity within the gas stream to deposit a dense, low porosity coating with improved erosion resistance over 
current techniques.
The current techniques using APS and EB-PVD have been used within the aeroengine and land based gas turbine 
industries successfully to apply TBC coatings onto components, providing thermal protection for many years. These 
industries are very averse to changing coating specifications without there being significant benefits both technically 
and commercially, so any opportunity to introduce a new coating is difficult to realise.
As has already been identified, the limitations of the existing coatings in service with respect to engine erosion is a 
significant draw back to the further development of these coatings in other areas of engine technology. This 
drawback provided the incentive for the industry and its suppliers to consider the alternative YSZ coatings that
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exhibited the same thermal barrier characteristics, while being sufficiently dense to better withstand particle erosion 
within the harsh engine environment. Previous work in this area, had indicated that similar high melting point 
ceramics such as aluminium oxide and chromium oxide could be successfully sprayed using the HVOF process and 
acetylene. It was necessary, however, to not only overcome the increase in the melting point of the yttria stabilised 
zirconia compared to other ceramics, but also to overcome its lower conductivity in order to fully soften the powder 
to produce a denser coating. The basis of the work was to investigate the role of the different powder morphologies 
of YSZ and its resistance to heat transfer, while optimising the process parameters of the HVOF system in order to 
maximise the high particle velocity benefits necessary to deposit a dense coating from the softened powder.
The design of the high flow acetylene gas supply system had been investigated for use with HVOF for the spraying 
of chromium oxide for Analox ™ print roll applications. In the period leading up to the project, however, a fatal 
incident using HVOF equipment forced the industry to risk assess many of their thermal spray procedures, including 
the gas supply systems. The resultant safety at any cost route, meant that many of the safety modifications to the 
thermal spray equipment would need to be engineered to provide the required pressures and flow rates necessary for 
the HVOF process to operate at their optimum capabilities. The engineering emphasis of the project was to maintain 
and improve the safety requirements of acetylene supply systems, while modifying the equipment to overcome the 
supply limitations of lower flow and lower pressure supply systems.
The work was able to prove that, with increased safety requirements, the pressures and flow rates necessary for 
HVOF could be achieved and maintained for the required period. The 2 by 12 manifolded cylinder pallet (MCP) 
system was selected for thermal spray operations as it was a far more convenient system than a 96 cylinder trailer 
used for the D-Gun™ system. The first commercial installation for the aeroengine manufacturer, Rolls Royce, 
however, was increased from the 24 cylinder system to a 4 x 12, 48 cylinder system as shown in Figure 8.1 in 
Appendix D, due to the system using 3 thermal spray guns to coat YSZ onto the turbines blades.
Optimisation of the combustion characteristic of the acetylene and oxygen HVOF flame also benefited from the 
previous work carried out on spraying Cr20 3. An understanding of the relationship between oxygen and acetylene 
combustion and its resultant thermal energy release and heat transfer mechanism helped optimise these conditions 
in order to soften the YSZ powder. The results showed that acetylene has limited energy when combusted with 
oxygen to melt YSZ but only when working within its optimum condition, which has no process flexibility. A 
similar relationship was observed with the important process variable, the stand-off distance. It was necessary here 
to understand the influence of the spray distance, the momentum transfer from gas to powder and the impact 
velocity on the particles’ kinetic energy as it undergoes energy transfer into a temperature rise on impact. The 
results showed that working at the shorter spray distance produced good results. Operating outside these limits 
changes the particles’ energy significantly. By understanding the delicate balance between the thermal energy, the 
kinetic energy of the flame, the process set-up and their influence on the powder deformation, lead to the desired 
microstructure, which proved to be considerably different from the APS and EB-PVD coatings.
By understanding the heat and momentum transfer of the HVOF system, it was possible to investigate the 
relationship between the powder morphology and the coating microstructure. The spherical, agglomerated and
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plasma densified powder with its hollow interior was soon eliminated as a powder option. A clear indication was 
that the total energy of HVOF system was less than that of the APS and EB-PVD systems and that no benefits in 
increased particle velocity would overcome this energy deficiency. The results from the other powders gave both 
expected and un-expected results. The fused and crushed powder with its fine and angular, dense, monolithic 
structure presented feeding challenges due to its poor flowability. In the flame, the powder exhibited softening, in 
particular at its edges, but struggled overall to achieve consistent deposits without the presence of partially melted or 
un-melted particles. Having been optimised, however, the powder produced a dense coating microstructure with 
limited levels of trapped micro-porosity within the inter-lamellae layers. The presence of these horizontal layers also 
provided avenues for crack propagation and coating failure.
The agglomerated and sintered powder showed improved flowability over the fused and crushed powder which was 
not totally unexpected due to its partially spherical motphology. Splat deformation of these powders that exhibited 
large, open, interconnected porosity, increased with the higher heat transfer into the interior of the particles during 
their residence time in the flame. This resulted in improved melting combined with a less dense structure, with the 
particles collapsing and in some conditions fragmenting, on impact. It was these features that resulted in an increase 
in deposition efficiency values over the denser powders. It was an understanding of the influence of residence time 
and heat transfer through conduction into the particles’ interior that determined the coatings eventual 
microstructure. The results produced a variety of densities and structures dependent on the balance of kinetic and 
thermal energy. It is the relationships between the contributing energy, i.e. the stand-off distance and heat input 
that made it possible to produce dense coatings with larger evenly spread porosity. This coating structure is what 
can be expected from a powder that has been designed to create a level of porosity and grain structure by plasma 
spraying, to alleviate stress by providing outlets for microcracking. This coating structure was improved by using 
conditions where particle velocities were dominant, i.e. shorter stand-off distances that produced denser coatings 
with limited and smaller porosity.
The deposition efficiency of a coating system is primarily a commercial property associated with a coating, but it 
gives a good indication of the energy levels of the thermal spray technique. It was no surprise when the DE levels of 
the three powders were significantly lower than those produced using the APS and EB-PVD processes. Under a 
number of the spray conditions, the resulting DE levels were regarded as too low to be considered as acceptable for 
commercial use. The results showed that the highest level of DE produced the denser coatings but failed to explain 
the absence of a significant proportion of the powder. It did, however, indicate that further refinement of the powder 
size, though costly to manufacture, may prove beneficial to the operating efficiency of the process.
The investigation into microhardness was the first indication that the coatings were denser than the APS and EB- 
PVD coatings and ultimately, had improved erosion resistance. It also showed that the benefits of the HVOF system 
once it was able to deposit fully softened YSZ powders, could be realised to produce dense coatings from what was a 
limited acetylene gas delivery system, when compared to the conventional gases used. The results showed the 
expected trend between microhardness and the stand-off distance with many of the values being significantly higher
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than the APS and EB-PVD coatings in service. Comparison is, however, unrepresentative as these coating would 
have porosity levels built into the coatings, which strongly influence microhardness. There was, however, a number 
of coatings produced outside the presupposed optimum parameters that gave microhardness levels higher than the 
accepted APS and EB-PVD levels but with microstructures far from dense. This suggested that porosity and inter 
particle bonding normally associated with microhardness, had been replaced by partially melted and un-melted 
particles deposited within the coatings that are not dense in nature but which give improved microhardness values 
over conventional coating defects.
Surface roughness is normally an unimportant property in coating systems, usually being removed and polished 
over. The benefits of lower surface roughness for this project was significant in controlling the cooling efficiency of 
the coating and reducing the operating costs o f the aeroengine. It was here that the advantages of the HVOF process 
were best realised with significant reduction in coating roughness. Using the agglomerated and sintered powder with 
its flattening characteristic and the spray conditions optimised for an increase in kinetic energy, the “as sprayed” 
surface roughness was improved to a level only achieved by polishing of the APS coatings and approaching those 
produced by the EB-PVD system. This was seen as a significant benefit to these coating in service even if  other 
coating requirements such as thermal conductivity and erosion resistance remain unchanged.
The final and most critical coating characteristic investigated was the effect o f HVOF sprayed thermal barrier 
coatings on their erosion resistance. The room temperature and mid-temperature screening process was used to 
eliminate some of the samples with high levels of porosity and significant portions of un-melted particles within the 
microstructure. The erosion rates of all the coatings at room temperature and mid-temperature were very low 
compared to published work in the area. A direct comparison, however, was not possible, as much of the published 
work had been carried out using different erosion conditions. The increase in erodent size and velocity resulted in 
significantly higher coating weight losses. This difference would also be exaggerated by the presence of porosity 
with the coatings. A useful trend, however, did emerge from the room temperature results despite the limited coating 
that was removed. The results showed that a decrease in the stand-off distance, which has been critical in many of 
the other properties, decreases the weight loss of the coatings for all the powders. The increase in erosion resistance 
therefore, is directly influenced by the particles’ velocity and the increased deformation that occurs on impact. This 
result was to be expected, as erosion resistance is a result o f stronger inter-particular bonding. As the contact area 
between the deformed splats increased so the cohesive forces between the splats also increased making erosion by 
brittle fracture more difficult. None of the low temperature results followed the theory in the literature noted earlier 
that porosity improves erosion resistance by acting as crack arrestors within the microstructure.
The high temperature erosion tests were carried out on four samples. The three remaining powders were selected 
using two different stand-off distances and all were sprayed through the same high energy combustion flame. It was 
possible to consider the influence of powder morphology, the effect of stand-off distance and a number of different 
microhardness levels on the high temperature erosion resistance of the YSZ coatings. Investigation of the eroded 
samples showed the presence of coating delamination and spallation on all four samples. Two of the samples had 
coating ejected from the edges, while the others showed spallation of over 40% of the total coating, both through 
delamination between the coating layers and through spallation between the substrate and the ceramic top coat.
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Coating failure through thermal exposure has been extensively investigated in APS and EB-PVD coatings. It is the 
main long-term cause of TBCs failure in service and can be explained by a number of mechanisms. Most of these 
failure mechanisms do not apply to the failure of the HVOF sprayed coatings.
A mechanism that may go some way to explain the failure of the coatings is the presence of a thermally grown oxide 
layer potentially introduced into the bond coat during the ceramic top-coat deposition by the HVOF flame. 
Compared to the APS and EB-PVD deposit process the HVOF will expose the bond coat to high temperature 
oxidation. The distribution of yttria within the coating will also lead to phase transformation problems as a result of 
volume change within the unit cells. In APS coatings the presence of vertical cracking and segmentation of the 
coating is essential in increasing the life expectancy of the TBCs. The high density of cracks within the 
microstructure acts as stress relievers during thermal shock testing and thereby reduces the propagation of 
horizontal crack growth. The number of cycles to failure, however, is far greater than the single high temperature 
erosion tests that resulted in the HVOF sample failure. It is suggested therefore that a combination of these failure 
mechanism would cause coating spallation and failure at the high temperature erosion test.
Reflecting on the work and considering the literature on the subject of EB-PVD and APS thermal barrier coatings, it 
is concluded that less emphasis could have been placed on the production of dense coatings during the project. The 
main benefits of thermal barrier protection is their ability to withstand high temperature cycling while providing 
thermal protection and some level of erosion protection. In producing a dense coating that withstands higher levels 
of erosion resistance but which has a greater chance of spalling and subsequently contributing to engine erosion is 
not of benefit to aeroengine manufacturers.
A considerable area of focus of the project on APS coatings of TBCs was the effect of the substrate temperature. The 
author’s experience in depositing other coatings using HVOF was to keep the substrate temperature low when 
spraying, especially with metal and ceramic combinations. Building on the results of the project and the existing 
literature on Splat formation and solidification of YSZ on higher temperature substrates provides a basis now for 
further research into the production of coatings with greater tolerance to stresses and with a built in network of 
microcracks.
Inspection of many of the microstructures sprayed using the various coating conditions, showed that the deposition 
of a specific level of porosity was possible and to some degree controllable. The suggestion now that the porosity 
could be desirable for thermal cycling leads to the conclusion that efforts aiming to continually improve the flow rate 
and ultimately, the particle velocity of the powder may be limited. Room temperature erosion results and 
microhardness suggest, however, that the inter-particular bond strength between impacting powder particle will be 
beneficial to erosion resistance. The ideal coating would be one that has sufficient porosity or partially melted 
particles to act as stress relievers while the remaining dense matrix surrounding these areas would offer significant 
resistance to erosion.
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9.1 Commercial developments
A commercial objective for this project was the promotion of acetylene as a fuel gas in the thermal spraying 
industry. Acetylene has been used for over forty years in flame spraying of coatings, such as aluminium and zinc, for 
corrosion protection of large surfaces, such as bridges and off-shore platforms. Both these materials have low 
melting points compared to the ceramics and both experience high temperature oxidation when sprayed using a gas 
combustion process. When these processes were first developed, however, acetylene was the most commonly 
available fuel gas to thermal spray operators and coating approvals were based around acetylene.
As the coatings and applications developed, the protective coatings industry moved towards higher productivity and 
higher quality processes. Both arc spraying and flame spraying use LPGs, such as propane and propylene, to deposit 
denser coatings with higher deposit rates.
These processes deposit thicker coatings on larger surface areas more quickly and with improved bond strengths as 
the particles’ velocities and subsequent kinetic energy levels increase. As flame spray techniques developed into 
HVOF systems, the same fuel gases, propane and propylene continued to be used. Hydrogen was introduced into the 
HVOF process by the aerospace industry to replace propane to ensure consistency of the product worldwide. As 
HVOF developed, acetylene failed to be incorporated into coating specification and approvals in the aerospace 
industry and ultimately, became the fuel gas used in general job shop type applications and for low tech flame spray 
operations.
In 1991, BOC Gases started to take an interest in thermal spraying and purchased a Miller Thermal HV2000 high 
velocity oxygen fuel system. One of the main features of the HV2000 unit is its ability to spray using acetylene along 
with the more commonly used gases, such as hydrogen, propylene and propane. As an important product in BOC 
Gases portfolio, it was a main objective to find applications for acetylene and to introduce these into the thermal 
spray industry. One of the first successes with the equipment was the promotion of acetylene to spray chromium 
oxide (Cr20 3), which has a melting point of 2723 K. This coating, normally sprayed using APS, is used by the print 
industry as a dense low porosity coating for print rollers. Spraying Cr20 3 coating with HVOF and acetylene yielded 
a dense low porosity coating with the excellent characteristics necessary for post laser engraving of the coating.
The success of this work suggested that other high melting point ceramic such as aluminium oxide (A120 3 , melting 
point 2327 K) and zirocoium oxide (Zr02, melting point 2950 K) could be sprayed using acetylene and the HVOF 
equipment.
In May 1997, BOC Gases presented the idea of spraying dense ytrria stabilised zirconia for thermal barrier coating 
using high velocity oxygen fuel spraying with acetylene, to Rolls Royce at their coating development facility,
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MANTEC (Manufacturer and Technology Centre). Rolls Royce, having been closely involved with BOC Gases in 
the development of propylene for the HVOF spraying of aluminium oxide, was immediately interested and resources 
were made available to investigate the work further.
Information on current coating procedures, turbine substrate materials, such as the Nimonics, approved powders, 
and shared facilities on thermal cycle testing and engine testing of TBCs, was agreed. BOC Gases’ objective was to 
carry out the coating optimisation tests and produce a range of samples for evaluation by Rolls Royce for the new 
Trent 800 engine. It was considered that the yttria stabilised zirconia coatings would exhibit improved erosion 
resistance properties to those produced using the APS and EB-PVD processes, giving therefore greater thermal 
protection. Confidentiality agreements were signed by both companies on the structure and direction o f the project, 
with the body of the work forming the basis of the collaborative industrial based PhD project.
In 1999, the MANTEC facility was closed as part of a restructuring of the Rolls Royce Filton site with all the 
thermal spray equipment previously based in Filton, moving to Rolls Royce, Derby which had become the new 
centre for engine development repair and overhaul. BOC Gases was not the gas supplier to this site and the project 
and any correspondence between BOC and Roll Royce ceased.
In June 1998, a fatal accident involving a HVOF system on the Rolls Royce, Derby site, resulted in a total embargo 
on the operation of thermal spray equipment within the company. The industry in conjunction with H&SE identified 
the need for a Code of Practice for the safe use of thermal spray equipment. As part of BOC Gases involvement, 
work began on the development o f a HVOF specific safety control panel which was able to supply all the necessary 
flow rates and pressure for HVOF whilst providing an operator with a greater level of control. The details of the 
safety controls were presented at the International Thermal Spray Conference in Singapore 2001 (Cole and Gabdzyl, 
2001), and are detailed in Appendix B.
The author continued the project work with publication of the early results at the International Thermal Spray 
Conference in May 2000, in Montreal (Cole and Walker, 2000), (Appendix A) and an invitation to publish the work 
in the industry Journal Welding and Metal Fabrication in Jan 2001 (Cole, 2001), (Appendix C).
In Jan 2001, an announcement was made about a £50million joint venture between Rolls Royce and Chromalloy to 
build a new turbine service technology (TST) facility in Sherwood Park, Nottingham. The centre’s aim is to coat 
Rolls Royce engine parts including a facility to deposit YSZ coatings using acetylene. During the last 4 years the 
project has been developed to the point where successful engine trials have been completed with the coating being 
put into service in the Trent 800 engine.
The plans of the Turbine Surface Technology facility are shown in Appendix D and incorporate three thermal spray 
booths with acetylene and oxygen and carbon dioxide. The facility is to be operated to produce 2000 blades per week 
once full production is established.
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Based on the acetylene and oxygen flow rates almost identical to those first outlined in the proposed optimisation 
programme presented to Rolls Royce in 1997, the estimated gas volumes of 16,000 m3 equate to £40,000 of 
acetylene and oxygen per year. The schedule is to spray 3 sets of 260 turbine blades per week with a 100 pm layer of 
ZRO 175 yttria stabilised zirconia with production scaling up to 2000 from 2004 onwards, and is estimated at 
present gas prices to be around £100,000 of gas business.
On 7th September 2001 BOC Gases won the contract to supply all the gases to the TST site. This was achieved 
through the strength of the technical support and experience in supplying the necessary flow rate o f acetylene and 
oxygen. A final advantage held by BOC on this process was the Patent EP 0 825 273 A l (Creffield and Cole, 1998) 
on coating substrates with high temperature ceramics as shown in Appendix E.
9.2 Future work
With BOC Gases resurrected involvement in the Rolls Royce funded TST site, the opportunity now arises to 
continue some of the proposed work outlined in the initial joint programme. When this occurs, however, the YSZ 
coatings will have been introduced into service. The plan for the new turbine coating section in TST, incorporates 
an area for a research and development booth for new coatings and improved process techniques. Investigation into 
the production of true thermal barrier coatings with columnar crack growth possibly generated by controlling the 
solidification rate using cryogenic gas, is one area previously outlined that would be of considerable interest to 
turbine blade manufacturers.
An industrial sector that has a similar TBC requirements to aeroengine manufacturers is the land based gas turbine 
users and suppliers whose drive to produce more efficient electricity from non-renewable sources must increase over 
the next decade. Gas fired turbine blades are 100 times the surface area of a similar aeroengine turbine and would 
experience the same thermal and erosive protection from its environment.
The use of flow enhancers to improve powder flowability, could also be used to control porosity within the 
microstructure and subsequent thermal cycling properties. With the use of more sophisticated powder feeders, 
sections of the TBCs coatings could be impregnated with porosity using the embedded Aerosil ™ while other 
sections remain dense where thermal cycling is less of an problem. For example, a more porous layer near to the 
bond coat interface to help stress relieving and a dense outer surface for protection against erosion, would be 
beneficial.
Process improvements to the current technique could be used to manufacture smaller plasma densifed powders, 
compared to the Sulzer Metco Amdry 204B-NS (45-75 pm), but with a thinner outer crust or shell that could be 
penetrated and softened sufficiently to deform on impact. This would improve the process variable, such as the 
powder feed rate, improve deposition efficiency and decrease coating process time.
The concept behind the project was to build on the properties of acetylene as the hottest of the commonly used fuel 
gases. There are, however, a number of other fuel gases as shown earlier in Figure 3.8 with theoretical flame
244
Chapter 9 Commercial prognosis for HVOF spraying of acetylene
temperature approaching that of acetylene. These fuel gases include ethylene, (C2H4) and methyl acetylene 
propadienne (Mapp gas) and have similar heat characteristics to acetylene. An additional benefit of these gases is 
that they can be used at pressures and flow rates exceeding that of acetylene.
Ethylene is a compressed fuel gas that can supply pressures and flow rates approaching those of propylene and 
propane. The oxygen to fuel gas ratio for ethylene is 3.5:1 therefore, the volume of oxygen necessary for maximum 
flame temperature and optimum heat characteristics is much higher. The increase in flow rate and the increase in 
combustion pressures release a greater volume of exhaust gases, leading to higher powder particle speeds. These are 
features that are not available when using acetylene. The current main disadvantage in using ethylene, especially in 
the UK, is its commercial availability and its cost being 5 times the price of acetylene.
Another price verses performance scenario is the use of nitrous oxide to replace oxygen as the oxidant. The double 
bond between the nitrogen and oxygen liberates considerably more combustion energy than the double bond between 
the oxygen molecules. This effect has been recognised by car enthusiasts and in gas chromatograph manufacturers 
for many years.
An area outside the technical remit of the project but recognised as an important consideration when attempting to 
spray ceramics using acetylene, is the modification of the combustion equipment Work carried out by Miller 
Thermal Inc, the original manufacturers of the HV2000 equipment suggested that longer barrel lengths to the 
existing combustion chamber would give reduced oxidation in depositing more traditional lower melting point 
powders. By using a longer barrel, the powder would remain in the confines of the exhaust gases for longer so 
reducing atmospheric oxidation and any reduction in gas temperature. Keeping the ceramic powders within the 
hotter surrounds of the barrel for longer, should improve softening of the powder and possibly increase deposition 
efficiency.
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Appendix D
Insta llation  p lan  and photograph  o f  th e  T urbine Surface  
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Figure D (4) Flashback arrestors and 
regulators mounted in parallel.
Y c r d  2.4n Wghbrick toll io  serv ice
Figure £).(!) HVOF thermal 
spray booths for YSZ coatings
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on any fences and gatps  
required for safety  reasons. 
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provided do minimise dcr.age 
by passing vehicles.
Figure D (2). lOx 12 acetylene cylinder 
packs
